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As the world faces serious energy challenges, the develop-
ment and implementation of renewable energy technologies
become increasingly important. Solar energy resource dwarfs
all other renewable and fossil-based energy resources com-
bined. This special issue addresses the role of the develop-
ment of solar energy. The themes include a photocatalytic
process, a photoelectrochemical process, a photosynthesis
process, solar cell technologies (photovoltaics (PV)), and
solar PV/thermal systems, which resulted in a collection
of twelve outstanding articles submitted by investigators
representing eleven countries across Asia, Europe, and
North America.

Solar energy can be converted into chemical energy via
photocatalytic processes, photoelectrochemical processes,
and photosynthesis processes. E. Kao et al. (“Atomic Layer
Deposition of TiO2 Nanocoatings on ZnO Nanowires for
Improved Photocatalytic Stability”) employed a hybrid
hydrothermal/atomic layer deposition method to prepare
the high-aspect ratio and vertically ordered ZnO/TiO2
nanoarrays. The ZnO/TiO2 nanoarrays were further investi-
gated for applications in solar-powered hydrogen gas har-
vesters, which showed improved stability and excellent
onset voltage. A hydrothermal method was also employed
by Y. Niu et al. to synthesize CoS-loaded TiO2 photocatalysts
for hydrogen and methanol production. It was demonstrated
that CoS can act as an effective cocatalyst due to the efficient
charge separation. C. C. Mercado et al. (“Comparison of
Photoelectrochemical Current in Amorphous and Crystal-
line Anodized TiO2 Nanotube Electrodes”) investigated the
effect of anodization at low temperature on the properties

and photoelectrochemical performance of TiO2. The anod-
ized TiO2 showed determined cathodic photoelectrochem-
ical response, which proved that it could be potential
materials for photocatalytic applications. E. Morais et al.
(“Visible Light-Driven Gas-Phase Artificial Photosynthesis
Reactions over Ruthenium Metal Nanoparticles Modified
with Anatase TiO2”) synthesized narrow size distributed
Ruthenium metal nanoparticles via a facile one-pot sol-
vothermal method. The obtained photocatalyst was further
tested in the CO2+H2O reaction to produce CH4 and CO.
The light absorption properties, the photocatalytic activity,
and CH4/CO selectivity of the catalyst were modified by
incorporating Ti-containing precursors.

Photosynthesis is another process that takes advantage of
sunlight. J. F. Monzon-Bensojo et al. (“Photosynthetic Pig-
ments with Potential for a Photosynthetic Antenna: A DFT
Analysis”) employed chemical reactivity density functional
theory (CRDFT) and time-dependent DFT (TD-DFT)
methods to evaluate the electronic properties of photosyn-
thetic pigments at the gas phase. This work constitutes a suit-
able option to study geometrical and molecular properties of
natural dyes.

Solar cell technologies have been showing great potential
in converting solar energy into electricity. N. A. Martynova
et al. (“Electrochemical Coprecipitation of Zinc and Alumi-
num in Aqueous Electrolytes for ZnO and AZO Coverage
Deposition”) employed zinc oxide and Al-doped ZnO films,
which were synthesized via an electrochemical method, as
transparent conductive oxide coating for solar cell. V. Lor-
yuenyong et al. (“The Synthesis of 2D CH3NH3PbI3
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Perovskite Films with Tunable Bandgaps by Solution Deposi-
tion Route”) investigated the bandgap tuning of hybrid
mixed-halide perovskite films. The films were prepared by a
sequential two-step deposition technique, which showed
higher moisture resistance, better surface coverage, and
smaller grain size. D. H. Phuc et al. (“Band Tunable CdSe
Quantum Dot-Doped Metals for Quantum Dot-Sensitized
Solar Cell Application”) prepared the quantum dot solar cells
with an efficiency of 4.3% based on CdSe:X (Mn2+ or Cu2+)
nanocrystal. A. Uzum et al. (“H2O/O2 Vapor Annealing
Effect on Spin Coating Alumina Thin Films for Passivation
of Silicon Solar Cells”) prepared aluminum acetylacetonate-
based AlOx thin films as low-cost, high-quality passivation
layers for crystalline silicon solar cells. D. N. Liyanage et al.
(“Donor-π-Conjugated Spacer-Acceptor Dye-Sensitized
Solid-State Solar Cell Using CuI as the Hole Collector”) fab-
ricated a solid-state solar cell using copper iodide (CuI) as the
hole conductor and alkyl-functionalized carbazole dye as the
sensitizer with a power conversion efficiency of 3.33%. In K.
Patil et al.’s (“Recent Progress of Graphene-Based Photoelec-
trode Materials for Dye-Sensitized Solar Cells”) review paper,
they outlined the strategies to enhance the efficiency and
reduce the cost by introducing graphene into the dye-
sensitized solar cells as the photoelectrode.

A. Ahmed et al. (Use of Nanofluids in Solar PV/Thermal
Systems) presented the recent studies in the application of
nanofluids in photovoltaic thermal, concentrated photovol-
taic thermal, and other solar systems. The important param-
eters that can improve the performance of nanofluids were
also highlighted.

These papers represent an exciting, insightful observation
into the state-of-the-art as well as emerging future topics in
this important interdisciplinary field. We hope that this spe-
cial issue would attract a major attention of the peers.
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The continuous growth in the energy demand across the globe due to the booming population, in addition to the harmful effects of
the fossil fuels on the environment, has made it essential to harness renewable energy via different technologies and convert it to
electricity. The potential of solar energy still remains untapped although it has several advantages particularly that it is a clean
source to generate both electricity and heat. Concentrating sunlight is an effective way to generate higher throughput per unit
area of the absorber material used. The heat extraction mechanisms and the fluids used in solar thermal systems are key towards
unlocking higher efficiencies of solar thermal systems. Nanofluids can play a crucial role in the development of these
technologies. This review is aimed at presenting the recent studies dealing with cooling the photovoltaic thermal (PVT),
concentrated photovoltaic thermal (CPVT), and other solar systems using nanofluids. In addition, the article considers the
definition of nanofluids, nanoparticle types, nanofluid preparation methods, and thermophysical properties of the most
common nanoparticles and base fluids. Moreover, the major factors which affect the nanofluid’s thermal conductivity according
to the literature will be reviewed.

1. Introduction

Solar energy can play a vital role in saving our planet from
the impacts of climate change caused by the use of fossil fuels
to meet our energy demands. Therefore, enhancing the per-
formance of solar energy technologies is of crucial impor-
tance. Solar PV is proving to compete side by side with
fossil fuels today. A key challenge however is the increase in
the temperature of the solar cells which affects their electrical
efficiencies. Consequently, researchers have developed a new
strategy to remove the excess heat from these systems to
reduce their temperatures by using nanotechnology so the
electrical efficiency can be raised [1, 2]. Nanotechnology is
a multidisciplinary field which combines science, engineer-
ing, and technology together at a nanoscale [3]. There is a
wide range of applications where nanotechnology can take
place, for instance, material science, biology, and engineer-
ing. In the solar energy field, nanotechnology can positively
participate by replacing the working medium with nano-
fluids. Nanofluid is a new type of heat transfer fluid which
allows more heat to be removed from the solar system. The

concept of using nanoparticles with the base fluids (see
Section 1.1) is to increase the thermal conductivity which
can cause a higher heat transfer coefficient as well as higher
thermal efficiency.

1.1. Nanofluid Definition. Nanofluid has been defined in
different ways in the literature but many researchers agree
that it is a mixture of nanoparticles, which have a diameter
ranging from 1 to 100nm, dispersed efficiently in a base fluid
[4–9]. These base fluids can be water, refrigerant, ethylene
glycol, or thermal oils [6, 7, 10]. By using nanofluid, the heat
transfer through the fluid can be enhanced as well as the ther-
mal performance of the whole system [11].

1.2. Nanoparticle Classification. Nanoparticles can be classi-
fied as shown in Figure 1(a) [4, 7, 12] into metal based,
carbon based, and nanocomposites. The metal-based nano-
particles can be further divided into two groups: metals
(AL, Fe, Cu, etc.) andmetal oxides which are a chemical com-
pound of metal and oxygen TiO2, Cu2O, ZnO, etc . The
carbon-based nanoparticles can be categorized into three
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types: fullerenes (a molecular form of carbon Cn, where
n> 20) [13], carbon nanotubes which are carbon allotropes
with cylindrical nanostructure, and graphene which is a car-
bon with two-dimensional allotropic form. The final group is
nanocomposites, which are a particularly distinctive type of
nanoparticles. This category consists of two dissimilar types
of particles with diameters less than 100nm [14]. These

nanocomposites may be classified into ceramic matrix, metal
matrix, and polymer matrix.

These types of nanoparticles can boost the thermal prop-
erties of the base fluid as they have high thermal conductivity.
This thermal conductivity can enhance the overall perfor-
mance of the system which leads to a decrease in the operat-
ing cost [5, 15–17]. Moreover, nanofluids can work as optical

Nanoparticles

Metal based

Metals

AL

Fe

Ag

Cu

Au

Zn

Metal 
oxides

CuO

ZnO

MgO

Carbon based

Fullerenes Carbon 
nanotubes

SWCNT

MWCNT

Graphene

Nanocomposites

Ceramic 
matrix

Metal 
matrix

 

Polymer 
matrix

Polyster/
TiO2

Polymer/
CNT

AL2O3
AL2O3/

TiO2

AL2O3/
SiO2

AL2O3/
SiC

AL2O3/
CNT

TiO2

CuO2

SiO2

Fe2O3

Fe3O4

CO Cr

Fe − MgO

Ag − MgO

(a)

(b)

Figure 1: (a) Nanoparticle classification and types. (b) Scanning Electron Microscopy (SEM) image of agglomerated CuO nanoparticles.
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filters for the photovoltaic cells as they can catch all of the
redundant solar energy that is not useful for PV working
range as well as reducing the cells’ temperature [5] [18].

Nanofluids have some advantages and drawbacks as
follows:

(a) Advantages

(i) Improving the heat transfer coefficient of the
working fluid by raising its thermal conductivity
[7, 19]

(ii) Allowing the fluid to convey high amounts of
thermal energy by raising the density and spe-
cific heat product [7]

(iii) Boosting the heat transfer between the fluid and
the receiver [7]

(iv) Enhancing both the thermal and electrical effi-
ciencies of the PV system

(v) Lowering the absorber temperature therefore
protecting the material

(b) Challenges

Although nanofluids enhance the heat transfer phenom-
ena, there are several challenges to their implementation such
as the following:

(i) The high cost of production and preparation [19, 20]

(ii) Using nanofluids may lead to high operating cost
due to the increase in the pump work [7, 8, 21, 22]

(iii) Sometimes when the operating conditions of the sys-
tem are by natural convection and exposed to high
temperature, the nanoparticles could agglomerate
and show an unstable behavior [23]. Figure 1(b)
shows the Scanning Electron Microscopy (SEM)
image of CuO nanoparticles agglomerated during
experiments which have a negative effect on the per-
formance of the system [24]

(iv) Nanoparticles can cause erosion and corrosion to
the metallic components of the system or even clog
the flow passages [20]. Celata et al. [25] stated that
the erosion depends on the pipe’s material. They
undertook experiments on two tube types: stainless
steel and copper. They noticed that by using stain-
less steel tube, there was no erosion when using
water or nanofluids in contrast to copper tube where
the erosion was uniformly distributed through the
tube

(v) Many authors state that nanoparticles may have
some toxic effects on the environment and human
health [26, 27]

1.3. Preparation of Nanofluids. In order to ensure significant
performance, nanofluids need a successful preparation step
to achieve stability of the suspended particles within the base

fluid as well as their uniformity [28]. There are two ways to
prepare nanofluids.

(a) Single Step Method. In this process, the dispersion
and production of nanoparticles occur in the same
step. This method can be carried out either by
physical or chemical means [29]. In the physical
method, the ultrasonic-aided submerged arc system
is used for the synthetisation of nanoparticles. The
electrical energy generated from titanium electrodes
which are merged in the dielectric liquid is used to
melt the nanoparticles and vaporizes the deionized
water. After this, in the vacuum chamber, the
nanofluid, which is the mixture of the melted nano-
particles and deionized water, is formed [30, 31].
On the other hand, the chemical method depends
on adding a reducing agent to the mixture of nano-
particles and base fluid followed by stirring and
heating [31].

(b) Two-Step Method. In this method, the nanoparticles
are prepared as a first stage and then mixed with
the base fluid by using high shear or ultrasound
methods. Table 1 indicates the advantages and draw-
backs of both the single and two-step methods. In
order to ensure that the nanoparticles are stable
inside the base fluid, different techniques have been
used. Firstly, by using ultrasonication process, this
approach is appropriate for nanofluid volumes from
0.2 to 2000mL and produces a nanofluid with high
stability and is considered the most popular method
for preparation [31]. This process can be classified
into either direct or indirect ultrasonication.

Direct sonication means that the mixture is in direct con-
tact with the ultrasonic probe or horn. In this process, the
required amount of both the nanoparticles and base fluid is
weighed, then added into a vessel. The mixture should be
stirred with a very thin metal rod for 1 minute followed by
direct ultrasonication for 30 to 45 minutes. However, if the
nanofluid is prepared by using the ultrasonic bath or pulsed
ultrasonic, this process will be categorized as indirect sonica-
tion. In this case, the mixture of nanoparticles and host fluid
is kept inside a vessel which is immersed into a bath.
Through this bath, the ultrasonic pulsations are transferred.
This method is not preferable for high viscous-based nano-
fluid [32].

Unlike the ultrasonication process, high-pressure
homogenizer is considered the most effective method for
nanofluid preparation. However, this technique suffers from
some disadvantages: huge size and weight, high cost, and
limited processing capacity at a time (5-50mL) [33].
Another mixing procedure is known as mechanical stirrer
(overhead stirrer) which can mix large volumes up to 20 L.
However, it is not an effective way to avoid particle agglom-
eration if compared with other treatment methods [33]. In
addition to the previous techniques, a shaker (disperse) is
suitable for nanofluid preparation at ambient conditions.
In addition, this is highly efficient for mixing nanoparticles
with refrigerants to form the nanofluids. This mixture is
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called nanorefrigerant. Also, it can be useful for gaseous and
low-temperature fluids.

2. Applications of Nanotechnology in
PV/T Systems

To date, the effect of using only a limited number of nanopar-
ticles on the performance of photovoltaic thermal systems
has been studied. These types include silicon carbide SiC
and metal oxides SiO2, Al2O3, TiO2, ZnO, Fe3O4, andCuO
. A small number of researchers have conducted research to
study the effect of using carbon-based nanoparticles on the
efficiency of the PVT. This section presents the studies carried
out in this field using the aforementioned nanoparticles.
Figure 2 summarizes the working idea of using a nanofluid
to cool down a solar cell subjected to solar radiation. Using
this type of cooling medium with PV systems allows the
extraction of heat to be used in other thermal applications.
Moreover, decreasing the PV cell’s temperature leads to
higher electricity generation.

A number of authors, such as Manikandan and Rajan
[36], consider this technique in their research. They carried
out an experimental study to evaluate the performance of
sand-propyleneglycol-water nanofluid and its applicability
in the solar energy field. The two-step method was used to
prepare this nanofluid, and the stability (thermal conductiv-
ity) was measured over 6 months. The measurements showed
that the thermal conductivity changed only by 0.002W/m · K
which represents merely a 0.5% change in its value. Further,
the authors conducted a comparison between the sand-PG-
water nanofluid and the PG-water in terms of the enhance-
ment in the collection efficiency of solar energy. The experi-
ments showed a higher temperature rate in the case of
sand-PG-water (0.5 vol%) than in that of using only PG-
water. In addition, for the volume fraction of 2 vol% of nano-
particles, the enhancement in the collection efficiency
reached 16.5%.

Silicon carbide SiC has been an attractive type of nano-
particles for a number of researchers. Al-Waeli et al. [37]
provided experimental research on enhancing the perfor-
mance of the PVT system using nanofluid SiC/water . The

authors tested several concentrations of nanoparticles (1,
1.5, 2, 3, and 4wt%). They prepared the nanofluid using an
ultrasonic shaker bath which showed a significant stability
of the nanofluid when examined over 6 months. The results
revealed that the thermal conductivity of the working
medium improved up to 8.2%. In addition, adding 3wt% of
SiC led to a promising enhancement in both the electrical
and thermal efficiencies by 24.1 and 100.19%, respectively.

Another experimental study was conducted by Al-Waeli
et al. [38] where they built a novel design of the PVT system,
in which a tank connected to it was filled with phase change
material mixed with nanoparticles (SiC), to store the heat
rejected from the system. This tank was able to exchange
the heat from the fluid pipe inside it. The same tube was
passed at the back of the PVT system to extract the heat from
it. The fluid passing through this tube was nanofluid (SiC-
water) to benefit from its ability to extract more heat. Adding
nanoparticles to the PCM enhanced the charging and dis-
charging processes. The nanoparticle volume fraction tested
0%, 1%, 2%, 3%, and 4%. The results showed that the new
system enhanced the electrical current from 3.69 to 4.04A
and the electrical efficiency increased from 8.07 to 13.32%
when compared to the conventional system.

Metal oxide nanoparticles have shown significant results
when used with different base fluids. Sardarabadi and
Passandideh-Fard [39] presented a numerical and experi-
mental study of a photovoltaic thermal system cooled by dif-
ferent types of nanoparticles and water as a base fluid flowing
through copper tubes at the back of the PV. A schematic dia-
gram of the system is shown in Figure 3. These nanoparticles
were as follows: AL2O3, Ti O2, and ZnO. The experimental
and numerical findings showed that TiO2/water and ZnO/
water enhanced the electrical efficiency more than AL2O3/
water. Regarding the thermal efficiency, ZnO/water exhibited
significant values if compared with the two other types. In
addition, they studied the effect of increasing the mass frac-
tion of ZnO from 0.05 to 10% by weight. While the thermal
efficiency increased by four times, the temperature reduced
by only 2% and the electrical efficiency by 0.02%.

Khanjari et al. [40] performed a CFD analysis of a PVT
system using Ag-water and aluminum-water nanofluids.
The results exhibited that the efficiency, as well as the heat

Table 1: Advantages and disadvantages of the single and two-step
method [28, 29].

Property
Single step
method

Two-step method

Stability
✓ (high level)

[34]

✓ achieved by
adding reactants and

surfactants [35]

Avoiding agglomeration ✓ (low level) ✓

Avoiding storage and
transportation

✓

Simple — ✓

Large quantity produced — ✓

Particle uniformity — ✓

Quick process — ✓

Dispersion ✓ (totally) ✓ (partially)

PV cell

Heat sink

Nanofluid 
inlet

Nanofluid 
outlet

Figure 2: Schematic diagram of Photovoltaic Solar Thermal System
(PV/T) with nanofluid as a cooling medium.
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transfer coefficient, increased by raising the nanoparticle vol-
ume of fraction. The heat transfer coefficient at ∅ = 5% for
alumina-water nanofluid increased by 2% with increasing
the inlet velocity from 0.03 to 0.23m/s. On the other hand,
the heat transfer coefficient in the case of using Ag-water
nanofluid was higher and varied from 28 to 45%. The ther-
mal efficiency of using AL2O3-water and Ag-water rose by
3 and 10%, respectively, when the volume fraction increased
from 1 to 10%. In addition, the enhancement in the electrical
efficiency of Ag-water was greater than AL2O3-water.

Hashim et al. [41] conducted an experimental investiga-
tion of the effect of using AL2O3-water as a cooling medium
for the PVT system by applying forced convection. Different
concentrations of AL2O3-water were applied (0.1, 0.2, 0.3,
0.4, and 0.5%). The authors concluded that at a concentration
of 0.3%, the temperature dropped significantly to 42.2°C and
the electrical efficiency rose to 12.1%. On the other hand,
increasing the concentration ratio higher than this value
caused raising the temperature again to 52.2°Cwhile the elec-
trical efficiency declined to 11.3%.

Elmir et al. [42] presented a simulation study for a one-
way channel at the back side of the PV/T system, the flow
inside this channel being nanofluid AL2O3/water ∅ = 0%to
10% . The solar cells were made from silicon, and the inclina-
tion angle was set at 30°. The authors used Brinkman and
Wasp models to predict the physical properties. The results
revealed that using nanofluid enhanced the heat transfer rate
in the system and imposing low values of Reynolds number
Re = 5 boosted the heat transfer rate by 27% at ∅ = 10%.

Rejeb et al. [43] introduced the experimental and numer-
ical studies of a PVT system cooled by several types of nano-
fluids. The authors tested different types of nanoparticles
(AL2O3 and Cu) at several concentrations (0.1, 0.2, and
0.4wt%) with different base fluids (water and ethylene glycol)
on the electrical and thermal efficiencies of the system. The
results confirmed that the performance (thermal and electri-
cal efficiencies) of water as a base fluid is more effective than
ethylene glycol. The numerical model was used to predict the
annual electricity production for three different cities: Lyon
(France), Mashhad (Iran), and Monastir (Tunisia). In addi-
tion, Cu/water showed higher electricity output for the three
different cities reaching 791 kWhr/m2 in Monastir.

Nada et al. [44] presented an experimental study using
AL2O3 nanoparticles dnm = 20 nm with Rt55 paraffin wax
for enhancing the efficiency of a photovoltaic system. The
authors built three modules: the first one was the reference
module, a PCM layer was integrated into the back side of
the PV for the second configuration, and in the third one

PCM layer with nanoparticles was used. All of the modules
were tested under Egyptian climatic conditions from 8AM
to 6PM. A mechanical stirrer was used to mix the PCM with
2%of the nanoparticles. The findings showed that by using
the PCM and nanoparticles, the efficiency improved by
13.2% and the temperature declined by 10.6 °C while, in the
case of using the PCM only, the efficiency boosted by 5.7%
and the temperature decreased by 8.1% only.

Sardarabadi et al. [45] conducted an experimental study
on the effect of using SiO2/water as a coolant in a PVT sys-
tem. The mass fractions used were 1 and 3% by weight. The
overall efficiency rose by 3.6 and about 7.9% for cases 1 and
3wt%, respectively, if compared with using pure water only.
In addition, the highest increase in both thermal and exer-
getic efficiency was observed at 3wt% (12.8 and 24.31%,
respectively).

Michael and Iniyan [46] carried out an experimental
study by adding a thin copper sheet instead of a Tedlar layer
to the silicon cell and used Cuo/water as a cooling medium to
enhance the performance of the system. The nanofluid was at
0.05% volume fraction. The authors tested the electrical and
thermal efficiencies of the system with and without glazing.
They found that the thermal efficiency when using glazing
and nanofluid was enhanced by about 45% in comparison
with water only, while the electrical efficiency reduced by
roughly 3%. The authors attributed this reduction to the need
for a new heat exchanger with higher effectiveness.

Ghadiri et al. [47] introduced an experimental study of
cooling a PVT system by using a ferrofluid Fe3O4 − water .
The authors studied the effect of different mass concentra-
tions 1 and 3wt% as well as changing the solar radiation
600 and 1100w/m2 on the overall efficiency and exergy rate.
In addition, the performance of the ferrofluid was investi-
gated under constant and magnetic field. The findings con-
firmed that ferrofluid enhanced the overall efficiency by
about 76% at 3wt% if compared with using distilled water
only. On the other hand, this value can be improved by 3%
and the exergy rate by about 46% if the system is accompa-
nied by an alternating magnetic field of 50Hz.

A comparison between silicon carbide and metal oxide
nanoparticles has been introduced by Al-Shamani et al.
[48]. The scholars experimentally investigated the cooling
performance of a PVT system by using three different types
of nanoparticles: SiO2, TiO2, and SiC with distilled water as
a base fluid. These nanofluids were prepared by the two-
step method, where the nanofluids were prepared by dispers-
ing the nanoparticles in the distilled water by using an ultra-
sonic device. The efficiency of the system and thermophysical
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Figure 3: Schematic diagram of the PV/T system working on nanofluids.
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properties of the nanofluids were tested outdoor under the
Malaysian tropical climate conditions. The thermophysical
properties (ρ, ν, andK) were tested under various concentra-
tions (0.5 to 2wt%). The researchers observed that the viscos-
ity of all the nanofluids declined by raising the temperature
from 25 to 60°C the opposite of the thermal conductivity. In
addition, SiC had the highest photovoltaic thermal efficiency
81 73% and electrical efficiency 13 52% of the three types.

A carbon-based nanoparticle has been used by Hjerrild
et al. [18]. They introduced an experimental and numerical
model of a spectrally tailorable optical filter, synthesized
from nanofluids Ag − SiO2 with 0 026WT%andCNT in
water , placed between the light source and the solar cell.
These two types of nanoparticles were selected because of
their high absorptivity of light. Also, CNT can enhance the
heating rate of the nanofluid which allows more heat extrac-
tion. The findings showed that the combined efficiency was
boosted by 30% if compared to the conventional model
where the electrical efficiency increased by about 6.6%.

From the above discussion, it is clear that almost all the
authors have concentrated their research on limited types
of nanoparticles such as SiC, AL2O3, and SiO2. Nevertheless,
carbon-based nanoparticles such as multiwalled carbon
nanotubes (MWCNTs) and graphene oxide are yet to be
investigated.

3. Applications of Nanotechnology in
CPVT Systems

In contrast to photovoltaic solar cells, concentrated photo-
voltaic systems use concentrators or mirrors as shown in
Figure 4 to focus the sun light on a small highly efficient solar
cells. Thus, both electrical and thermal efficiencies could
increase if nanotechnology is adopted in the system.

Very little research has been carried out into using nano-
fluid as a cooling medium on the CPVT systems. Also, most
have concentrated on metal, metal oxide, and silicon carbide
nanoparticles. The effect of using metal nanoparticles on the
enhancement of the efficiency of the CPVT system was inves-
tigated by Hassani et al. [49] and Rahbar et al. [50].

Hassani et al. [49] carried out numerical studies on two
concentrated PVT system designs. The first one (D-1) had
two separate channels, one channel for the optical nanofluid
and the other channel for the thermal nanofluid. The second
design was a double pass channel (D-2). The optical nano-
fluid consisted of Ag dnm = 10 nm nanoparticles dispersed
in Therminol VP-1 which is suitable for high-temperature
applications and has the ability to absorb the long wave-
length, while Ag can absorb the short wavelength. The ther-
mal nanofluid is from Ag and suspended in water. The
authors concluded that the overall efficiency showed a sharp
increase for GaAs and SI at a solar concentration of 160 and
100 when the volume fraction grew from 0.001% to 1.5%. In
addition, the study recommended that using two different
types of fluids in a separate channel design is more efficient
than the other design.

Rahbar et al. [50] presented mathematical modeling of a
system consisting of a parabolic trough concentrator with the
concentrated photovoltaic system working on Ag/water to

run an Organic Rankine Cycle. The numerical solution of
the 1-D model was done by using Engineering Equation
Solver (EES). The nanofluid was used as cooling fluid for
the CPVT as well as an optical filter to extract only the useful
solar spectrum for the concentrated photovoltaic system. The
authors concluded that adopting nanofluid as a working
medium with the CPVT system had a great influence on
the electrical, thermal, and overall efficiencies (1.8%, 3.3%,
and 5.1%, respectively, at CR = 13 05 compared to CPVT).
This effect appeared after raising the concentration ratio
higher than 7.

Metal oxide nanoparticles have attracted the attention of
many scientists due to their stability. Xu and Kleinstreuer
[51] introduced a numerical study of the effect of AL2O3/
water nanofluid on the cooling of a concentrated silicon
solar cell and a multijunction solar cell by using Maxwell’s
model for thermal conductivity. The results showed that
nanofluids are not the most effective cooling medium for
the triple junction solar cells in contrast with the silicon
one. In addition, the researchers stated that using diather-
mic oil instead of water will give better performance for
other thermal applications. In general, they agreed that
nanofluids increased both the electrical and thermal effi-
ciencies of the system.

Xu and Kleinstreuer [52] proposed another study in
which they presented another mathematical study (2-D
modeling) on the effect of using AL2O3/water as a cooling
medium for a photovoltaic channel exposed to highly con-
centrated solar intensity. The channel was subjected to heat
conduction and turbulent nanofluid convection. The influ-
ence of changing nanoparticle volume fraction (0 to 4%),
Reynolds number at the inlet (3000 to 70000), inlet nanofluid
temperature 15 to 45°C , and different channel height 2 to
14mm on the performance of the system were studied.
The study was conducted by using ANSYS-CFX 14 (control
volume method). The results showed that the cell efficiency
increased by raising both the Reynolds number and the vol-
ume fraction and reducing the inlet nanofluid temperature.
In addition, the authors observed that the maximum effi-
ciency obtained was 20% at a concentration ratio of 200, inlet
Reynolds number at 30,000, and channel height of 10mm.

Srivastava and Reddy [53] studied different configura-
tions of a parabolic trough concentrator (PTC) with a con-
centrating photovoltaic system in the case of a compound
parabolic collector integrated and without one. In addition,
they discussed the effect of using a different number of cells
as well as various types of fluids: AL2O3/water, Syltherm
800, Therminol VP-1, and Therminol VP-59. The study was
carried out by using SIMPLE solver in Fluent 16.1. It was con-
cluded that using the CPC had a negligible effect on the per-
formance of the system, the cooling rate at a concentration
of 6% being lower than at 0% and 1%. The authors attributed
this to agglomeration. In addition, the maximum thermal
output was achieved by using Syltherm 800 which was
2592 42W, while the highest electrical output 692 2W
was observed by usingAL2O3/water at a concentration of 1%.

Lelea et al. [54] introduced a numerical study by using
ANSYS-Fluent on cooling CPVT microchannel by using
AL2O3/water at different nanoparticle diameters 28 nm
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and 47 nm and concentrations 1%, 3%, and 5% . The single
phase model was used to evaluate the kinematic viscosity and
thermal conductivity. The authors claimed that the maxi-
mum temperature, in the case of using ∅ = 5%, was lower
than in the case of water only.

Zarma et al. [55] built a mathematical 2-D model using
ANSYS 19.0 to examine the performance of CPVT using
PCM (calcium chloride hexahydrate) with different types
of nanoparticles: AL2O3, CuO, and Si O2. The nanoparticles
were examined at different concentrations, 1wt%and 5wt%
. The mixture of PCM and nanoparticles was in a rectangu-
lar container at the back surface of the solar cell with
dimensions of height = 125 mm and length = 100 mm. The
results of the numerical study revealed that the maximum
performance achieved was by using AL2O3 at a concentra-
tion of 5wt%, where the electrical efficiency was 8% and
the temperature uniformity was 12°C. In addition, the
authors stated that using nanoparticles with PCM improved
the heat transfer rate by increasing the thermal conductivity
of the mixture.

Yazdanifard et al. [56] presented a mathematical study of
using TiO2/water as a working medium for a parabolic
trough concentrator integrated with the concentrated photo-
voltaic receiver. The mathematical equations were solved by
using the MATLAB software. The effect of increasing the vol-
ume fraction and flow regime was introduced. The results
revealed that, in the case of laminar flow, when the volume
fraction of the nanoparticles increases, both the kinematic
viscosity and the thermal conductivity of the nanofluid rises.
Therefore, at a constant mass flow rate, the Reynolds number
decreased, which caused the heat transfer coefficient to
develop. Hence, the photovoltaic temperature declined, the
opposite of the case of turbulent flow. As a result of all of
the above, there were greater increases in the thermal, electri-
cal, and total efficiencies in the case of laminar more than in
turbulent flow.

Menbari et al. [57] experimentally and numerically stud-
ied the effect of using CuO/water as a nanofluid on the per-
formance of a direct absorption parabolic trough collector
(DAPTC). The numerical and experimental results showed
that the thermal efficiency of the system improved by
increasing the nanoparticle volume of fraction from 0.002
to 0.008% as it rose from 18 to 52%. In addition, the authors
stated that it enhanced the performance by increasing the
flow rate from 20 to 100 L/hr.

Bellos and Tzivanidis [58] conducted mathematical
research by using Solidworks flow simulation to perform
optical, thermal, and flow studies about the effect of using
Syltherm 800/copper oxide on the performance of the CPVT
with parabolic trough concentrator; cross section of the stud-
ied receiver is shown in Figure 5. The absorber was made
from PV silicon cell of a width of 100mm, while the receiver
aperture area was 0 1mm2. The authors studied the effect of
changing the inlet temperature 25 to 200°C and the nano-
fluid flow rate 300 to 720L/hr on the flow properties
(density, dynamic viscosity, and specific heat). The study
concluded that using nanofluid improved the electrical, ther-
mal, and total efficiency. In addition, there was a slight
enhancement in the thermal efficiency after 540L/hr. The
maximum thermal, electrical, and total efficiencies at an inlet
temperature of 100°C and flow rate of 540 L/hr were 46 84,
6 60%, and 2 08%, respectively, which were greater than the
values achieved by using pure oil only.

An et al. [59] presented an experimental study using
Cu9S5 nanofluid as an optical filter in concentrating PVT as
shown in Figure 6. This Oleylamine solution consists of
Cu9S5 nanoparticles dispersed in Oleylamine (C18H37N).
The particle diameter ranged from 50.5 to 73.7 nm, and the
average diameter was 60.2 nm. In addition, three different
concentrations of the nanofluid were used 22 ± 1 1, 44 6 ±
2 2, and 89 2 ± 4 5 ppm . The results revealed that increasing
the particle concentration had a great influence on the per-
formance of the system. Moreover, the maximum efficiency
achieved by using this nanofluid at a high concentration
was 34.2% which was higher than that of without optical
filter (17.9%).

Comparison between metal oxide nanoparticle AL2O3
and silicon carbide SiC was carried out by Radwan et al.
[60] where they mathematically studied the effect of using
both types of nanoparticles with water on the cooling of a
low concentrated photovoltaic (LCPV) system. Mathemati-
cal modeling (2-D) was carried out by using ANSYS Fluent
16.2. The diameter of both AL2O3 and SiC was 20 nm, the
volume concentration varied from 1% to 4%, and the Reyn-
olds number was from 10 to 100. The authors stated that
the performance of the low concentrated photovoltaic system
was greater by using SiC/water than in the case of AL2O3/
water. In addition, a significant decrease in the cell tempera-
ture was observed by increasing the volume fraction of both
types of nanofluids. The same results were obtained at large
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Figure 4: Schematic diagram of concentrated photovoltaic thermal systems.
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values of the concentration ratio and low values of Reynolds
number for both nanofluids. There was a significant
improvement in the thermal efficiency by using nanofluids
at concentration ratios lower than 17.8. After this value, the
thermal efficiency declined by using nanofluids. Large values
of net electrical power and output thermal power were
observed at Re = 10 and CR = 10 when the nanoparticles vol-
ume of fraction increased.

This research was followed by 3-D modeling using
ANSYS 17.2 to study the effect of using AL2O3 and SiC
(nanoparticle diameter = 20 nm) with water as a base fluid
on the performance of a microchannel heat sink within a
concentrated photovoltaic system [61]. The parameters
studied were nanoparticle volume of fractions, flow Reyn-
olds number, systems’ power, and efficiencies. Compared
to AL2O3/water, SiC/water showed better performance in
terms of cell temperature uniformity, net electrical power
of the solar cell, and electrical efficiency. In addition, the
authors agreed that 4% of SiC caused a decrease in the max-
imum local solar cell temperature from 8°C to 13°C com-
pared with pure water.

From the above review, there is no doubt that utilizing
nanofluids as a cooling medium for the CPVT has a notewor-
thy effect on the performance. The researchers focused their
work on mathematical modeling with a small number who
conducted experimental research. In addition, there has been
a major focus on metal oxide nanoparticles although carbon-
based nanoparticles have higher thermal conductivity and
could absorb more heat from the system.

4. Other Studies Dealt with Nanoparticles as a
Working Medium

Due to the benefits of nanofluids over conventional options,
various scientists have conducted several studies to examine
the performance of the direct absorption solar collector
(DASC), flat-plate and U-tube solar collectors (FP&UTC),
and evacuated tube solar collector (ETSC).

Otanicar et al. [62] presented experimental and numeri-
cal studies on the effect of using different nanoparticles
(graphite sphere-based, carbon nanotube-based, and silver
sphere-based), as a cooling medium, on a direct absorption
solar collector (DASC). These nanoparticles were tested with
water at a range of volume of fractions and particle sizes. The
authors concluded that graphite nanoparticles can increase
the collector efficiency by only 3% if compared with the con-
ventional flat surface absorber if the volume of fraction is
equal to 5%. On the other hand, by using silver nanoparticles,
the efficiency enhanced by 5%, while by using CNT, a small
difference can appear. After a volume of fraction of 5%, the
efficiency began to decrease slightly.

Kang et al. [63] experimentally evaluated the perfor-
mance of both the flat-plate and U-tube solar collectors if
the nanofluid is used (AL2O3-water) under several volume
concentrations (0.5, 1, and 1.5%) and nanoparticle sizes
(20, 50, and 100nm). Regarding the flat-plate solar collector,
the efficiency increased to 72.4% when using the nanofluid
instead of water at a volume fraction of 1% and nanoparticle
size of 20nm. This value was the maximum if compared with
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Figure 5: Cross section of the studied receiver.
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Figure 6: The experimental set up of concentrated photovoltaic thermal.
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those at nanoparticle size 50 and 100nm. In addition, the
efficiency of the flat-plate solar collector increased by 3.5%
if compared with the U-tube solar collector after using
(AL2O3-water). Therefore, the solar collector’s performance
was enhanced when the particle size decreased. Further,
the authors concluded that the maximum efficiencies for
both the flat-plate and U-tube solar collectors occurred at
1% volume of fraction.

Yousefi et al. [64] experimentally studied the effect of
using MWCNT/water as a nanofluid for absorbing heat
from the flat-plate solar collector (FPSC). The effect of sev-
eral parameters was studied on the performance of the flat-
plate solar collector; MWCNT weight of fraction 0 2%and
0 4% , using surfactant of Triton, nanofluid mass flow rate
ranged from 0.0167 to 0.05 kg/s. The Triton X-100 was
added to the nanofluid in the ratio of 1 : 350 in order to
achieve the maximum dispersion. Also, the two-step method
was applied using the 400S Ultrasonic model for 30 minutes,
and the mixture was stable for up to 10 days. In comparison
with water, the nanofluid enhanced the heat transfer in the
flat-plate solar collector and boosted the thermal efficiency
by using the chemical surfactant. Moreover, the maximum
thermal efficiency was achieved at 0.05 kg/s and fraction
weight of 0.4%.

Kiliç et al. [65] introduced an experimental study on
the impact of using TiO2 dnm = 44nm /water with a con-
centration of 2wt% on the effectiveness of the flat-plate
solar collector. The authors used the two-step method to
prepare the nanofluid, using surfactant—Triton X-100—at
a concentration of 0 2wt% to keep the prepared nanofluid
stable and avoid agglomeration. After that, they exposed
the mixture to ultrasonic bath. The maximum achieved
instantaneous efficiency of the collector by using this nano-
fluid was 48 672% whereas it was only 36 204% by using
water only.

Verma et al. [66] investigated the influence of using two
different hybrid fluids: 80%MgO + 20%MWCNTs /water
and 80%CuO + 20%MWCNTs /water on the performance
of a flat-plate solar collector. The diameters of CuO and
MWCNT nanoparticles were 42 nm and 7 nmMWCNT,
respectively. The concentration of the samples was 0 25, 0 5
, 0 75, 1, 1 25, 1 5, and 2 vol%. Both of the hybrid fluids were
prepared by using the two-step method. Initially, the mixture
of CuO/water and MgO/water at maximum concentration
was prepared by using deionized water. After that,
MWCNT was added in the solution, followed by ultrasonic
agitation, and then ultrasonic bath for 2 hr. The authors
stated that both the energetic and exergetic efficiencies of
MgO (71.54% and 70.55%, respectively) hybrid nanofluid
were much greater than that in the case of CuO hybrid fluid
(70.63% and 69.11%, respectively).

Chougule et al. [67] introduced experimental research on
using carbon nanotubes (CNT)/water at a concentration of
0.15 vol%, diameter of 10-12 nm, and length of 0.1-10 μm.
The idea of the research was examining this type of nanofluid
inside copper heat pipe as a cooling method for flat-plate col-
lectors. The authors studied the performance of the system
under several conditions: changing the collector angle with
a fixed position and activating the tracking mechanism of

the collector. They found that the best performance (45%)
was at a tilt angle of 31 5°.

Ghaderian and Sidik [68] performed experimental
research to examine the effect of using AL2O3/distilled water
on the performance of the evacuated tube solar collector
(ETSC). The volume fractions used were 0.03 and 0.06%
(particle diameter of 40nm), and the volume flow rate range
of the nanofluid studied was from 20 to 60 L/hr. The authors
prepared the nanofluid by using the two-step method which
showed good stability over the following 7 days. The max-
imum average efficiency was achieved by using AL2O3/
distilled water as a working medium that was 58.65% at
0.06% volume fraction and flow rate of 60 L/hr, which
was considered a very high value if compared with using
water only (22.85%).

Iranmanesh et al. [69] carried out experimental research
on using graphene nanoplatelets GNP/distilled water as a
working fluid inside the evacuated tube solar collector.
The mass fractions tested were 0.025, 0.05, 0.075, and
0.1wt% at a volume flow rate of 0.5, 0.1, and 1.5 L/min.
The authors prepared the nanofluid by using ultrasonica-
tion probe without any surfactants which showed good sta-
bility for the following three months after the initial
preparation. The experiments revealed that the maximum
efficiency of the collector occurred at nanoparticle concen-
tration of 0.1wt% and a volume flow rate of 1.5 L/min. This
value was 90.7% which was greater than that of using dis-
tilled water only (54.81%).

Liu et al. [70] experimentally investigated the efficiency
of the evacuated tube solar collector which was integrated
with a compound parabolic concentrator (CPC) by using
CuO/water with a concentration of 1.2wt% and a diameter
of 50nm. The nanofluid was prepared by using the two-
step method, by suspending the nanofluid on the water
followed by oscillating it in an ultrasonic bath. The perfor-
mance of the system was enhanced by using nanofluid by
12.4% at an air outlet temperature 160°, whereas the maxi-
mum efficiency achieved was 57.6% at an air outlet temper-
ature of merely 130°.

Mahendran et al. [71] experimentally examined the influ-
ence of using TiO2/water on the performance of the evacu-
ated tube solar collector. The outdoor tests took place in
Malaysia where the daily solar isolation reached 900W/m2.
The nanoparticle diameter was 30 to 50 nm and the volume
of fraction concentration was 0 3%. Preparation of the nano-
fluid was conducted by using the two-step method; the
authors used the mechanical stirrer for 2 hours in order to
ensure that the mixture was homogenous. The maximum
efficiency achieved by using nanofluid was 73% which was
higher than the case of using water only by 16 67% where
the volume flow rate was 2.7 L/min.

Hussain et al. [72] undertook an experimental study
on the effect of using two different types of nanofluids
Ag dnm = 30 nm /water and ZrO2 dnm = 50 nm /water on
the evacuated tube solar collector efficiency. The nanoparti-
cles were at different concentrations: 0, 1, 3, and 5 vol% and
different mass flow rates of 30, 60, and 90liter/hr · m2. The
two-step method was used for preparing the nanofluid; after
dispersing the nanoparticles in distilled water, ultrasonic
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mixing was applied using surfactant, but the mixture
remained stable for 4 hours. The authors claimed that the
efficiency of the solar collector achieved by using Ag/water
was 21 05% at 5 vol% and 90 liter/hr · m2 which was consid-
ered higher than in the case of using ZrO2/water. Therefore,
the Ag/water achieved better performance than ZrO2/water.

Kaya et al. [73] examined experimentally the perfor-
mance of an evacuated U-tube solar collector working with
ZnO dnm = 30 nm /ethylene glycol and pure water. The base
fluids used were 50%ethylene glycol and 50%pure water; the
nanofluid tested was at a volume concentration of 1%, 2%, 3
%, and 4%; and three different mass flow rates (0.02, 0.03,
and 0.045 kg/s). A surfactant agent polyvinylpyrrolidone
(PVP) was added to the mixture of the base fluid EG +
water . Thereafter, the magnetic stirring was enabled to
ensure that the nanofluid was homogeneous. The authors
noted that the maximum efficiency (62.87%) of the solar col-
lector was achieved at a volume concentration of 3%and a
mass flow rate of 0 045 kg/s.

Tong et al. [74] studied the influence of using multiwalled
carbon nanotube (MWCNT) nanoparticles with water on
the performance of an enclosed type evacuated tube solar
collector. The nanofluid was prepared by using the two-
step method (gum arabic with 0 25wt% concentration as
a surfactant, followed by probe sonication). The efficiency
of the system was tested under concentration volume of
0 06 to 0 24 vol% and mass flow rate of 0 01 kg/s. The theo-
retical and experimental results revealed that the heat trans-
fer coefficient was enhanced by 8% by using nanofluid at
0 24 vol%

Ozosy and Corumlu [75] experimentally determined the
efficiency of a thermosyphon heat pipe evacuated tube solar
collector by using Ag/water as a working medium in the heat
pipe. The nanofluid used was at a concentration of 20 ppm
and prepared by using the two-step method. Firstly, the elec-
trolysis method was applied to the mixture of silver and pure
water. Secondly, the authors used tannic acid as a surfactant.
The volumetric flow rate of the nanofluid was 0.18 L/min.
The results revealed that the solar collector efficiency rose
between 20 7% and 40%

A conclusion for all the above studies has been summa-
rized in Table 2.

5. Thermophysical Proprieties of the Most
Common Nanoparticles and Base Fluids

This section introduces the thermophysical properties of
both nanoparticles and base fluids that have been used in
the literature. These thermophysical properties include
density, specific heat, and thermal conductivity (Table 3).

6. Parameters That Have a Strong Effect on the
Thermal Conductivity of the Nanofluid

As stated earlier, the idea behind using nanoparticle within
the base (host) fluid is to increase the thermal conductivity
of the carrying fluid which leads to boosting the heat transfer
phenomenon through the system. Therefore, in this section,
we discuss some important parameters that have a significant

influence on the thermal conductivity of the nanofluid as
mentioned in the published studies.

6.1. Nanoparticle Volume Concentration. Nanoparticle vol-
ume concentration has a significant influence on the
enhancement of the thermal conductivity of the nanofluid.
Several studies have proven that increasing the volume frac-
tion up to 5% [29] can increase the thermal conductivity,
for example, as reported by Iranmanesh et al. [69] and
Verma et al. [66].

6.2. Temperature. Increasing the temperature has a consider-
able effect on boosting the thermal conductivity of the nano-
fluid which has been revealed by Lee et al. [86], Al-Waeli
et al. [37], Verma et al. [66], and Iranmanesh et al. [69] as
the opposite of the behavior shown for viscosity. Neverthe-
less, Bellos and Tzivanidis [58] in their recent research con-
firmed that the thermal conductivity of the nanofluid
decreased by increasing the temperature.

6.3. Particle Size. Nanofluid consists of base fluid and nano-
particles which have a diameter less than 100nm. Therefore,
it is preferred to use nanoparticles with small sizes to achieve
a better enhancement in the thermal conductivity as well as
in heat transfer. Kang et al. [63] discussed the effect of
increasing the nanoparticles’ diameter on the efficiency of
the flat-plate solar collector. The results revealed that using
a particle size of dnm = 20 nm boosted the efficiency com-
pared with dnm = 50nm and 100nm.

6.4. Base Fluid Type. There are several types of base fluids, as
stated above. Xie et al. [87] observed that using base fluid
with low thermal conductivity is more efficient than using
fluids with high thermal conductivity. In contrast, Rejeb
et al. [43] argued that using water (as a base fluid) which
has higher thermal conductivity than ethylene glycol led to
great enhancement in the thermal conductivity for the same
nanoparticle and operating conditions.

6.5. Nanoparticle Shape. Many researchers have studied the
effect of the nanoparticle shape on fluid performance and
its thermal conductivity [88]. Murshed et al. [89] studied
two geometrical configurations of TiO2 nanoparticle: cylin-
drical shape (d = 10 nm, L = 40 nm) and spherical shape
(d = 15 nm). The experimental results showed that the
cylindrical shape achieved greater improvement in thermal
conductivity. Figure 7 shows a comparison of thermal con-
ductivity improvement when using differently shaped nano-
particles; these include blades, platelets, cylinders, bricks, and
spheres. It was found that the best thermal conductivity is
achieved when using blades. The scientists attributed this to
the large heat transfer area of the particles which conducts
the heat through the fluid.

6.6. Effects of Adding Surfactants. The function of adding a
surfactant or an additive is to prevent the agglomeration
and sedimentation of the nanofluid and improve its stability.
For example, these surfactants or additives can be sodium
hexametaphosphate [57], sodium dodecyl-sulfate [62], Tri-
ton X-100 [65], or sodium dodecylbenzene sulphonate [46].
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However, using a specific type of surfactant depends on the
type of both the nanoparticle and base fluid [90].

7. Conclusion

This article provides a review of the most recent nanotechnol-
ogy applications in photovoltaic thermal solar systems. We
study the different types of nanoparticles and nanofluids that
have been utilised previously in the literature and shortlist
the methods used for their preparation. Both PV/T andCPV/T
systems have been studied, and the relevant outputs have been
collated together to summarize the potential benefits of using
nanofluids. Further, we highlight the important parameters
that can improve the performance of the nanofluids.

8. Future Perspectives

It is clear that the application of nanofluid in the solar energy
field has a promising future. Therefore, more experimental
work needs to be conducted especially with CPVT systems.
Large scale studies for solar thermal systems would be impor-
tant in order to verify the extent that nanofluids can enhance
performance. This research should be conducted along with a
cost analysis of the system. In addition, more experimental
and simulation work should be carried out by using

Table 3: Nanoparticle and base fluid properties as stated in the literature.

Nanoparticle/base fluid type
Density, ρnp

kg/m3
Specific heat, cpnp

J/kg · K
Thermal conductivity, Knp

W/m · K Reference

Alumina Al2O3 3960 773 40 [77, 78]

Aluminum Al 2700 904 237 [78]

Carbon nanotube CNT 1350 — 3000 [78]

Copper Cu 8940 385 401 [78]

Copper oxide CuO 6000 551 33 [78]

Graphite 2160 701 120 [78]

Silicon (Si) 2320 714 148 [78]

Silicon carbide SiC 3370 1340 150 [78]

Silicon oxide SiO2 3970 765 3970 [79]

Titanium carbide TiC 4930 711 330 [78]

Titanium oxide TiO2 4230 692 8.4 [78]

Cuprous oxide Cu2O 6320 42.36 J/mole · K 76.5 [79]

Graphene oxide GO 1910 710 1000 [79]

Iron oxide Fe2O3 5250 650 20 [80]

Single-walled carbon nanotubes
SWCNTs 2100 841 6000 [81]

Multiwalled carbon nanotubes
MWCNTs 2100 711 1500 [82]

Ag + MgO nanocomposite 7035 554.5 242 [83]

Fe3O4 + MWCNTs nanocomposite 4845.4 680.66 509.14 [82]

Pure water 997 1 4179 0.613 [43, 77]

Ethylene glycol 1113.2 2470.2 0.258 [43, 84]

Engine oil 870 2012 0.142 [85]
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Figure 7: Effect of nanoparticle shape on the thermal conductivity
of alumina nanofluid at different values of volume of fractions [87].
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carbon-based nanoparticles to take advantage of their higher
thermal conductivity.
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The interest in TiO2 nanotubes has resulted in a lot of studies including the effects of various parameters on the properties and
performance for different applications. This study investigated the effect of anodization at a low temperature on the properties
and photoelectrochemical performance. The effects of varied anodization settings on morphology, crystallinity, and PEC
response were studied. Low-temperature anodization resulted in smaller pore diameter and shorter tube length. Annealing
temperature affected the presence of varied phases of TiO2 such as the prominence of anatase and amounts of rutile and
amorphous TiO2 at 125°C. To observe photoelectrochemical response, annealing at 450°C is necessary. However, a cathodic
response was observed for TiO2 nanotubes synthesized with low voltage at low temperature. Hence, amorphous titania
nanotubes annealed at 125°C with thickness achieved in the anodization can be a potential material used for photocatalytic
applications due to its determined cathodic photoelectrochemical response.

1. Introduction

Titanium dioxide (TiO2) has been used in various applica-
tions such as biomedical devices, solar cells, and photodegra-
dation [1–4]. TiO2 nanotubes (NTs), in particular, are
utilized due to their tube-like configuration that exhibits high
surface area, relatively short conduction path [3, 5], and
biocompatibility [4, 6].

TiO2 has three main phases, namely, anatase, rutile, and
brookite. As-synthesized titania via anodization occurs as
amorphous [1] and transforms to various phases during
additional heat treatments done after synthesis. Anatase
transforms irreversibly to rutile at a process temperature that
ranges from 400°C to 1200°C, depending on the raw material
and processing methods applied [1, 7]. Anatase shows photo-
electrochemical property and is used for photoelectrolysis
applications such as water splitting and catalytic photodegra-
dation through the presence of various active surfaces and
defects [8, 9]. Hydrophilicity of TiO2 is thought to aid with

the kinetics of both reactions, and amorphous titania has
shown a comparable hydrophilic response after surface treat-
ment to anatase [7].

In this study, we have selected a method that will allow
us to compare the crystalline and amorphous structures of
TiO2 NTs produced by anodization of titanium. Various
methods have been developed to synthesize TiO2 NTs;
one of these methods is anodic oxidation (anodization).
Anodization is a low-cost electrochemical process that pro-
duces ordered or highly aligned oxide nanotubes or pore
structures on a substrate by immersion in an acid electro-
lyte solution at room temperature and subsequent applica-
tion of electric current. An additional step of annealing or
heat treatment on the synthesized nanotubes is done in
order to remove impurities and to change the crystal struc-
ture of the TiO2. Annealing TiO2 at 400°C leads to the
transformation of the crystal structure to anatase TiO2,
while heat treatment at 800°C produces a rutile crystal
structure of TiO2 [7].
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The exposure of TiO2 nanotubes to ultraviolet radiation
produces highly oxidative holes and weakly reductive elec-
trons [10]. Recent studies have measured the photoelectro-
chemical activity of anatase TiO2 [3]. However, only a few
studies have been conducted to determine the possible use
of an amorphous TiO2 as a source of these charges and as
the medium for charge transport.

This study determines the photoelectrochemical activity
of low-temperature synthesized TiO2 nanotubes based on
the photoresponse under dark and illuminated conditions.
At present, annealing at high temperatures is necessary to
achieve an anatase structure with a high degree of ordering.
However, anodization at low temperature is known to sup-
press the mobility of ions resulting in enhanced self-order
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Figure 1: Scanning electron microscope images of 40V RT grown nanotubes annealed at (a, b) 125°C and (c, d) 450°C. The 2μm scale bar is
for (a, c) while the 500 nm scale bar is for (b, d). (e) X-ray diffraction patterns of the samples. ∗∗ indicates possible presence of carbon
impurities after 125°C heating, while ∗ is a possible other titanium oxide form.
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at the expense of increasing thickness and pore diameter.
Moreover, synthesis at such condition can exhibit photore-
sponse as reported in this paper.

2. Experimental

The method for anodization of titanium has been published
in several papers [1]. The detailed method is as follows: the
electrolyte consisted of 200mL of ethylene glycol with 2%
vol. H2O and 0.09M of NH4F. High-purity (99.99%) tita-
nium foil was polished with a 1200-grit size SiC paper and
was used as substrate. The substrate was subjected to ultra-
sonic cleaning with distilled H2O and then air-dried. There
were two types of anodization set-up used for this experi-
ment: one was done at room temperature, 27°C, while the
other one was at a lower temperature of approximately 5°C
and with the temperature maintained by using an ice bath.
The electrodes had a constant spacing of 1 cm. Changes in
current over time during the anodization were monitored
during potentiostatic anodization. A preliminary potentio-
static anodization set-up was connected to a potentiostat
instead of a DC power supply for testing the chronoampero-
metric plot of the anodization process at 10 volts. Data were
collected at 10V and 5V from this test.

Ti foils were imaged using a field emission scanning elec-
tron microscope (FESEM) with energy-dispersive X-ray
(EDX) for chemical identification and quantification. The
structure of the anodized TiO2 was characterized using X-
ray diffraction (XRD) with Cu Kα radiation (λ = 0 154 nm),
at the scanning range 2θ = 20° − 60°. The phases were identi-
fied by comparing the peak data to reference single crystal
data of R070582 (anatase), R050363 (brookite), R040049
(rutile), and 0011195 (titanium).

Three-electrode electrochemical cell was utilized with
TiO2/Ti as the working electrode, Pt as the counter elec-
trode, and Ag/AgCl as the reference electrode. The spacing
between the working and counter electrodes was main-
tained at 1 cm. The set-up used 1.0M aqueous solution of
Na2SO4 as the electrolyte and was connected to a potentio-
stat. Chronoamperometry was done by running the set-up
in different voltages (-0.5V, 0V, and 0.5V) with discontin-
uous illumination from the 10W LED light source. The
illumination was turned on and off at the interval of
approximately 1 to 5 minutes to allow the electrolyte-
electrode interface to equilibrate. Data were averaged after
plotting as part of data analysis.

3. Results and Discussion

The formation of nanotubes was monitored by measuring the
current during anodization as a function of time. The mea-
surements were carried out at two different voltage settings,
5V and 10V, with current-time curves obtained during the
anodization shown in Figure S1. A drastic drop in the
current was observed in the early stages of anodization for
both voltage settings, corresponding to the initial passivation
of Ti foil leading to the formation of the barrier oxide layer.
The formation of the barrier layer was governed by the
oxidation of Ti to Ti4+ and its reaction to O2- that was

produced by the deprotonation of H2O upon the
introduction of an electric field; the progress of the reaction
caused an exponential decrease in the field strength on the Ti
foil, leading to a barrier layer of finite thickness. After the
initial current drop, a slight increase in current was observed
at 10V anodization. This indicated the initiation of pits that
served as the precursor of the nanotubes [11]. This stage was
not observed on 5V anodization where gradual reduction
followed the initial drop in current. It can be said that the
pitting potential needed for nanotube formation lies between
10V and 5V. Under similar electrolyte characteristics,
nanotubes are expected to form at operating voltages of 30V,
40V, and 50V. The last stage of anodization was
characterized by a gradual decrease in current until the
quasi-steady state is reached. This indicated the continued
formation of the nanotubes through the increase in
nanotube length. At this stage, the nanotubes competed with
each other until a condition of equal sharing of available
current is achieved, leading to appreciable self-ordering of
nanotubes as seen in the SEM images of the nanotubes in
Figures 1(a)–1(d). Formation of TiO2 nanotubes was a result
of the competition between the oxidation of the Ti substrate
and the etching or dissolution of the formed oxides by the
fluoride ions present in the electrolyte [2].

As-synthesized TiO2 nanotubes did not show ordered
crystal structures as shown in Figure 1(e). These amorphous
tubes undergo phase transformation at elevated tempera-
tures, crystallizing to form titania polymorphs like anatase
and rutile as shown in various studies [1]. In the study by
Poulomi et al., XRD patterns showed that anatase started to
form at around 280°C but annealing operations are usually
done at 450°C to ensure an adequate amount of anatase with
few rutile phases [1]. Moreover, further increase in tempera-
ture promoted the transformation to rutile phase and started
to dominate at a temperature range of 500°C-600°C [1].
Figure 1(e) shows the X-ray diffraction pattern of the samples
annealed at 125°C and 450°C. The anatase peaks are visible
for the 450°C annealed sample but not in the 125°C annealed
sample. A shift into the lower intensity of the broad baseline
at 2Θ from 20° to 35° indicated conversion of the phase from
amorphous to crystalline. Annealing at 450°C resulted in a
structure dominated with anatase phase and with minimal
rutile phase. The anatase phase has a strong preferential ori-
entation at the (101) plane. The crystallinity in each voltage
setting was determined by the full-width half-maximum
values for the (101) plane where full-width half-maximum
(FWHM) trends, given in Table 1, showed increasing crystal-
linity with anodization voltage.

Table 1: FWHM of XRD peak (101) at different anodization
voltages. Samples were anodized at room temperature and
annealed at 450°C.

Anodization voltage (V) FWHM (°)

30 0.38

40 0.44

50 0.58
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The XRD patterns of the TiO2 NTs synthesized at var-
ious anodizing voltages and post-heat-treated at different
temperatures are illustrated in Figure S4. It can be seen that
no crystalline titania phases were present at nanotubes that
were post-heat-treated at 125°C. The TiO2 NTs synthesized
via the anodization process were reported to be amorphous
in nature [1]. From XRD, the anatase phase was only
present at samples post-heat-treated at 450°C. In addition,
rutile phases were also present at samples post-heat-treated
at 450°C similar to other reports showing TiO2 NTs heat-
treated at 350°C to 450°C consisting of a rutile bottom layer
and anatase tube walls [12].

Scherrer’s formula shows the inverse proportionality of
the peak width and crystallite size [13–15]. This was applied
to the FWHM of the (101) anatase plane peak to calculate the
crystallite size for the synthesized titania nanotubes that were
post-heat-treated at 450°C. There have been differences in
opinion in literature in the use of the Scherrer equation to
determine the absolute crystallite size of nanoparticles [13,
16]; however, the trends of nanocrystal size and the peak
width have shown good agreement in many instances [13].
Through this analysis, the increasing crystallinity of the
nanotubes with annealing was supported by the decrease in
peak width.

Stoichiometry was also varied after the 125°C and 450°C
annealing. Figure 2 shows the EDX of a tube, with a line scan
along the diameter, plotting the oxygen and titanium signals.
The percentage of O and Ti in the tube was taken and showed
approximately 3 : 2 Ti :O ratio for the amorphous TiO2 and
3 : 1 for anatase TiO2. This was an averaged measurement
and did not reflect the actual stoichiometry of the nanotube
walls as the Ti signal from the tube holes was stronger

(signals originating from the substrate). However, relative
amounts of Ti and O showed that prior to annealing, nano-
tubes were more oxygen-rich (Table 2).

Aside from semiquantitative chemical compositions, the
EDX signal was also analyzed for the element environment
[17]. The basis of this analysis is that in amorphous materials,
the neighboring atoms are not arranged in a lattice and could
have different nearest neighbor environments compared to
other atoms within the same phase. In crystalline, anatase
gives a different type of titanium environment [18]. From lit-
erature, the environment of an atom can be distinguished
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Figure 2: EDX linescan along the diameter of the tube showing oxygen and titanium distributions for (a) sample 125°C and (b)
450°C samples.

Table 2: Effect of the heat treatment post annealing for 40V, room
temperature anodized sample.

Annealing Ti (wt.%) O (wt.%) Ti : O ratio

Temperature (°C)

125 55 36 3 : 2

450 60.5 19 3 : 1

Note: X-rays from titanium metal substrate included in Ti wt.%.

Table 3: Energy-dispersive X-ray intensities (cps) for samples
processed at different temperatures.

Ti Lα1,2
(452.2 eV)

Ti Kα1
(4510.8 eV)

Ti Kβ1,3
(4931.8 eV)

O Kα1,2
(524.9 eV)

125-a 6.0 22.5 3.05 10

125-b 6.0 22.5 2.95 10.1

450-a 2.0 21.35 2.9 2.4

450-b 2.3 20.0 2.65 3.2

4 International Journal of Photoenergy



from the ratio of the Kα and Kβ peaks of the EDX signal. In
the nanotube samples, there were two spots measured
(Table 3); a larger difference between Ti Kα/Ti Kβ ratios
was seen in the amorphous nanotubes. These stoichiometric
differences between environments in amorphous TiO2 lead
to the formation of a range of defects. Predominant defects
studied in literature are oxygen vacancies and Ti3+ sites.
Excess oxygen in amorphous TiO2 indicates disordered Ti-
O octahedra and tetrahedra that may lead to oxygen-rich
surfaces. Theoretical studies by Pham and Wang have
shown that the formation of oxygen vacancies requires less
energy in amorphous TiO2 [19]. These vacancies then form
defect channels for carrier transport contributing to amor-
phous conduction.

Nanotube dimensions are a few of the factors that affect
the photoelectrochemical activity of nanotubes; hence, it is
crucial to measure them. Images of TiO2 nanotubes synthe-
sized at room temperature and low-temperature anodization
annealed at 450°C are shown in Figure S2. Based on the
micrographs, dimensions such as pore diameter and wall
thickness were determined. Measured pore diameters were
averaged and plotted against anodizing potential (voltage)
as shown in Figure S3. At room temperature anodization,
pore diameters ranged from 88 to 120nm, while at low-
temperature anodization, relatively smaller pore diameters
ranging from 62 to 120nm were measured. Generally, a
linearly increasing trend in pore diameters with increasing
applied potential was observed for both room temperature
and low-temperature anodization; similar trends were seen
in other studies [20]. Varying the electrolyte temperature
changed the conditions of the anodization reaction in terms
of chemistry and thermodynamics. An increase in the
electrolyte temperature leads to a decrease in the mass
transport of the electrolyte and the species necessary for
anodization [21].

Average TiO2 nanotube wall thicknesses were also deter-
mined and plotted against the applied potential; comparison

of all dimensions is shown in Figure S3. From Figure S3, it can
be observed that a higher applied potential yields longer
nanotubes. It has been shown that increasing the electric
field strength resulted in a localized temperature rise across
the oxide films due to the enhanced joule heating, resulting
in the acceleration of nucleation of the oxides, faster growth,
and consequent increase in thickness of the anodizedfilms [6].

The photoelectrochemical activity of the nanotubes was
analyzed by chronoamperometric measurements under
discontinuous illumination. The three-electrode cell was
allowed to stabilize prior to being operated for alternating
on-off cycles at -0.5, 0, and 0.5V versus Ag/AgCl. The cur-
rent values obtained were divided by the active surface area
during testing. The responses in terms of an increase or
decrease in current density upon illumination were moni-
tored for all samples. Good photoresponses were recorded
for samples that were annealed at 450°C for both room
temperature and low-temperature anodization. Generally,
annealed samples show cathodic photoresponses upon illu-
mination at applied bias -0.5V (Figures S5–S7). When
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Figure 3: Chopped-illumination chronoamperometry (CA) for sample 30V LT 450°C with polarization (a) -0.5 V vs. Ag/AgCl. In this figure
and up to the end, the data is shown in the inset while the average value is shown as horizontal lines; shaded regions indicate illuminated
portions of the measurements.
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0.5V was applied, the plots registered anodic response as
shown by the increase in current density under illumination
(Figure 3).

For samples heat-treated at 125°C, photoresponses were
not apparent and no clear distinction on the on and off
regions of the graphs was observed. Details of the generated
plots from 450°C and 125°C heat treatment temperature are
shown in Figures S5 and S6. In a study by Beranek et al. on
as-formed amorphous tubes, photocurrent generation is
highly localized at the bottom of the tubes and is negligible
for nanotube walls [22]. This is due to the presence of
numerous defects in amorphous nanotubes that lead to
poor charge transport [22]. Annealing at elevated
temperature activated the walls of the nanotube as anatase
structures crystallize, with anatase having the most efficient
electron transport among the phases of TiO2 [23].

One clear exception to these observations was the
observed photocurrent of the 30V, room temperature anod-
ized nanotubes that were annealed at 125°C. The photore-
sponse of the nanotubes when the applied bias was -0.5V is
shown in Figure 4. Cathodic responses were recorded when
the light was introduced. However, this observation was not
seen in TiO2 NTs. Although amorphous, a short-range order
may be present in the sample and could result in shallow or
deep electron and hole traps. This short-range order was
not seen in X-ray diffraction patterns. Because of the direc-
tion of the measured photocurrent and considering that the
illumination is composed of visible wavelengths, the defects
were speculated as shallow electron traps. Cathodic behavior
has been seen in some amorphous oxide of metals like iron-
zirconium [24]. This occurrence is explained through the
Poole-Frenkel process where the conduction was enabled
by thermal ionization of trapped charges [25, 26]; in the case
of the photocurrent observed in this sample, trapped charges
with trap levels with higher binding energies are excited to
the conduction band by light.

At constant anodization temperature, a decreasing trend
in the current density was observed as the anodization voltage
is increased from 30V to 50V (Figure S7). The observed trend
was attributed to the measured crystallite sizes. Smaller grain
size indicated abundance in grain boundaries within the
nanotubes. It was theorized that these grain boundaries

impede the charge transport in the nanotubes. Thus, lower
values were expected to be obtained for the 50V anodized
nanotube sample as this had the smallest crystallite size
among the three anodization voltage settings.

Higher magnitudes for the current density were recorded
for samples anodized at room temperature (Figure S7). This
can be observed for annealed samples at all the anodization
voltage settings. This was attributed to better nanotube
dimensions for samples anodized at room temperature. It is
important to note that while smaller pore diameters were
obtained for low temperature which suggests that more
nanotubes can fit on a specific unit area, the lengths of the
nanotubes were shorter relative to that of room temperature
anodized nanotubes.

Current oscillations were seen in 30V room temperature
anodized samples that were annealed at 450°C (Figure 5).
From several papers that have explored the origin of this sinu-
soidal current, reasons for this were chemical oscillations—
localized areas of reactionswithin the entire surface of the elec-
trode [27], nonlinear transport [28], and nonplanarity of the
electrode surface as in this case. In the case of the three-
electrode systemwithTiO2WE,PtCE, andAg/AgClRE, oscil-
lations occurred in the order of 1μA.

The photocurrent was recorded to be higher in room tem-
perature anodized sample compared to low-temperature
anodized sample for the sample anodization voltage; taking
into consideration the difference in the nanotube length and
getting photocurrent density considering the nanotube thick-
ness (photocurrent/volume), similar photocurrents were
observed. This could indicate that in photoelectrochemical
measurements, the total surface area of the nanotubes deter-
mines the generated photocurrent, even at the order of
around 10μm thickness.

4. Conclusions

Cathodic and anodic photocurrents were seen (with -0.5V
and 0.5V vs. Ag/AgCl, respectively) during chronoampero-
metric testing under discontinuous illumination. A -0.5V
bias promoted electron transport while 0.5V bias promoted
hole transport. Annealing at 450°C is necessary for effective
photoresponse; however, cathodic photoresponse was seen
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Figure 5: Oscillations in the measured current during chopped-light CA for 30V RT 450°C sample with polarization (a) 0V vs. Ag/AgCl and
(b) 0.5 V vs. Ag/AgCl (other polarization settings failed to get stable current measurement).
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on nanotubes anodized at 30V with an applied voltage of
-0.5V. This deviation was attributed to a short-range order
and the occurrence of high oxygen surfaces that could form
oxygen vacancies that are pathways of charge transport.
The magnitude of current density decreased as the anodiza-
tion voltage was increased due to the decreasing crystallinity
when anodized with increasing voltage. The higher density of
grain boundaries on nanotubes anodized at higher voltage
may have hindered effective charge transport leading to a
low-magnitude photoresponse. The photocurrent was
observed in all annealed anatase samples. TiO2 in the anatase
phase has been known to be an efficient photoanode; through
this experiment, it was seen that TiO2 amorphous showed
potential to be a photocathode in photoelectrochemical cells.
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Photocatalytic water splitting represents an emerging technology well positioned to satisfy the growing need for low-energy, low
CO2, economically viable hydrogen gas production. As such, stable, high-surface-area electrodes are increasingly being
investigated as electrodes for the photochemical conversion of solar energy into hydrogen fuel. We present a titanium dioxide
(TiO2)/zinc oxide (ZnO) nanowire array using a hybrid hydrothermal/atomic layer deposition (ALD) for use as a solar-powered
photoelectrochemical device. The nanowire array consists of single crystalline, wurtzite ZnO nanowires with a 40 nm ALD TiO2
coating. By using a TiO2 nanocoating on the high surface area-ZnO array, three advancements have been accomplished in this
work: (1) high aspect ratio nanowires with TiO2 for water splitting (over 8 μm), (2) improved stability over bare ZnO nanowires
during photocatalysis, and (3) excellent onset voltage. As such, this process opens up new class of the micro/nanofabrication
process for making efficient photocatalytic gas harvesting systems.

1. Introduction

It has been estimated that 37.7Mt/yr of hydrogen gas (H2)
would be enough to replace all coal currently used in the
United States [1]. However, steam reformation—the domi-
nant method for producing H2 today—involves burning
methane with high-temperature steam to create H2, produc-
ing carbon dioxide as a by-product (CH4 + H2O (+ heat)⟶
CO + 3H2). Other methods include electrolysis by solar cells,
renewable liquid reformation, and fermentation; these are
plagued by low solar-energy-to-water efficiency, low yields,
and poor selectivity [2].

By contrast, photoelectrochemical (PEC) water splitting
has the potential to passively convert solar energy into H2
more effectively than electrolysis through the use of photo-
voltaics (PV). PEC water splitting is capable of higher yield
and selectivity while producing zero carbon emissions. Uti-
lizing photogenerated electron/hole pairs, the PEC process
involves oxidizing water (2H2O + 4h+ ⟶ 4H+ + O2) and
reducing the resulting H+ ions (4e- + 4H+ ⟶ 2H2) at the

semiconductor/electrolyte interface while being submerged
in an aqueous medium, as shown in Figure 1(a). In con-
trast to PV electrolysis, this process is theoretically more
efficient since the PEC process experiences fewer losses
to attain the required bias voltage [3]. Furthermore, water
splitting scales easily with the area of the semiconducting
material, making it ideal for large-scale, high-yield hydro-
gen harvesting. The selectivity of the PEC process is tunable
with the band structure. That is, the bandgap, Eg, must be
positioned correctly to allow for the reduction/oxidation
reactions necessary to split water: conduction band should
be above the reduction potential, and valence band should
be below the oxidation potential. A Schottky barrier is
formed at the photoelectrode-electrolyte interface. The sys-
tem is designed such that minority carriers move into the
electrolyte and begin reduction/oxidation of water. Majority
carriers oxidize/reduce water at the counter electrode-
electrolyte interface [4]. Figure 1(b) shows the energy band
diagram for the photocatalytic system using an n-type,
TiO2 photoanode.
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Numerous studies have been aimed at achieving stable
and efficient PEC systems using metal oxides responsive
to solar spectrum, but they have suffered from three major
drawbacks [5–7]: (1) low conversion efficiency due to
recombination and quality of materials (for example, non-
ideal crystallinity, where recombination can occur at grain
boundaries), (2) high-onset voltages, and (3) poor material
stability in the photocatalytic process [8]. Thus, much subse-
quent research has focused on either stabilization layers or
texturization of the surface to increase conversion efficien-
cies in a highly oxidizing environment [9, 10]. By utilizing
a hybrid hydrothermal/atomic layer deposition (ALD)
ZnO/TiO2 nanowire array, we are able to both stabilize the
ZnO nanowire array through an ALD TiO2 nanocoating
while leveraging the architecture of the cell to improve per-
formance. This hybrid hydrothermal/ALD texturization
allows for conversion efficiency and improved onset voltage
compared to untexturized, planar electrodes.

In the past, nanowires have shown three distinct
improvements over untextured substrates: (1) enhanced
light trapping due to light-concentrating properties of
standing nanowires [11], (2) increased surface area, leading
to increased active surface sites upon which water splitting
can occur, and (3) reduced minority carrier distances,
decreasing the rate of recombination and increasing charge
separation [12].

TiO2 is an intrinsically n-type semiconductor material
with an energy band gap of 3.2 eV [13, 14]. Its band edge
positions straddle water redox potentials, as shown in
Figure 1(b). Moreover, TiO2 is relatively inexpensive [15]
and is used extensively in environmental photocatalysis
[16], because of its high stability, even in a highly oxidizing
aqueous environment [17]. However, the state-of-art TiO2
usage as a PEC photoanode is plagued by lower photocurrent
due to poor light absorption. Moreover, previous work on
texturizing TiO2 has not been able to produce high-aspect

ratio TiO2 nanowires due to undesirable compact layers at
the bottom of the wire arrays [18]. In this work, we fabricate
high-aspect ratio ZnO/TiO2 nanowire arrays using a hybrid
hydrothermal/ALD process. After growing the high-aspect
ratio ZnO nanowires using the hydrothermal methods,
we apply a uniform coating of TiO2 by ALD. The resulting
structures show excellent-onset voltage due to enhanced
charge separation, which is induced by the geometry of
our devices: by increasing the aspect ratio, we reduce travel
distance of the minority carriers into the solution. Further-
more, TiO2-coated ZnO nanoarrays show improved chemi-
cal stability over bare ZnO nanoarrays in aqueous solutions
during photocatalysis.

2. Methods

A two-step hybrid process was used to fabricate the PEC
water splitting devices, as shown in Figure 2. First, zinc oxide
(ZnO) nanowires were fabricated by a hydrothermal process,
serving as the template structure upon which the active mate-
rial was deposited. Second, atomic layer deposition (ALD)
was used to deposit 40 nm TiO2. To fabricate ZnO, a seed
solution of zinc acetate (Sigma) and ethanol were drop-
casted onto n-type Si (100) wafers. The solution was left to
form a quantum dot network on the surface of the Si wafers,
rinsed with ethanol, and dried under nitrogen environment.
The process was repeated 3 times to ensure adequate quan-
tum dot formation. The wafer was annealed at 350°C for
30min to ensure seed layer adhesion onto the wafer before
being submerged in a growth solution containing zinc nitrate
hexahydrate (Sigma), hexamethylenetetramine (Sigma), and
ammonium hydroxide (Alfa Aesar) at 90°C for 8 hrs. The
wafer was removed from the solution and cleaned with
deionized water.

After the samples were dried, uniform deposition of
TiO2 over ZnO nanowires was performed using ALD, as
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Figure 1: (a) Water splitting cell: incident light creates photogenerated electron-hole pairs. Given an appropriate band structure (straddling
water reduction/oxidation potentials), holes and electrons will oxidize water at the photoanode and reduce resulting H+ ions at the cathode,
respectively. These reactions result in oxygen and hydrogen gas production. (b) Proposed band gap structure of TiO2@ZnO: high-aspect ratio
TiO2 experiences charge separation at the electrolyte-TiO2 interface, moving holes into the electrolyte and electrons into the single-crystalline
ZnO nanowire.
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shown in Figure 3. ALD, a highly precise chemical vapor
deposition method, creates uniform, conformal coverage of
polycrystalline TiO2 using a self-limiting reaction. To deposit
TiO2, tetrakis(dimethylamido)titanium (TDMAT) was
introduced into the deposition chamber through an argon
carrier gas and allowed to adsorb onto the substrate surface
for 0.6 s. Excess (unadsorbed) TDMAT was removed from
the chamber with argon gas for 5 s. Next, H2O was
introduced for 0.25 s, beginning a self-limiting reaction with
adsorbed TDMAT. The excess H2O and reaction by-
products were removed with argon gas for 5 s, leaving a single
layer of TiO2. In this way, gaseous precursors were intro-
duced in a systematic and cyclic manner to create a self-
limiting reaction—one layer of TiO2 was deposited per cycle.
This makes ALD an ideal deposition method for high-qual-
ity, Ångström-level precision over very high-aspect ratio sub-
strates. The ZnO nanowire array was coated by 1000 cycles of
thermally grown ALD TiO2 (~0.4Å/cycle) at a process tem-
perature of 250°C, as reported in a previous work [19].

Electrical contact is established using copper tape and
insulated tin wire. To isolate the active material, elec-
trodes were passivated onto a glass substrate using epoxy
(Figure 4(a)). Photoelectrochemical water splitting was
tested using a 3-electrode set-up in 0.5M H2SO4 solution
vs. Ag/AgCl with a platinum wire as the counter elec-
trode. An Asahi MAX-303 Xenon lamp was used as the
solar simulator and the system was enclosed in TB4
Thorlabs black-out hardboard (5mm thick with foam
core). Electrochemical measurements were conducted
using a Gamry Ref. 600 potentiostat (Figure 4(b)). Linear

sweep voltammetry was conducted from 0V vs. Ag/AgCl
to 1V vs. Ag/AgCl, since the aqueous solution had an
electrochemical voltage limit of 1.2V (standard electrode
potential of 1.23V for the O2 + 4H+ + 4e- ⟶ 2H2O reac-
tion). The scans were conducted in dark conditions (covered
in a black-out cardboard housing) and light conditions, as
well as chopped light––dark alternating with light.

2.1. Cell Efficiency. The ultimate efficiency of a cell (adapted
from Hisatomi et al.) [20] can be described by the following
equations. First, the solar-to-hydrogen efficiency is

STH =
RepresentativeH2output energy
Energy of incident solar light

=
rH2

× ΔG
Psun × S

, 1

where rH2
is the rate of hydrogen production, ΔG is the

change in Gibbs energy, Psun is the energy flux of irradiation,
and S is the area of the electrode. However, electrodes that
require bias voltage in order to produce measurable photo-
current require voltage compensation in order to calculate
cell efficiency. Therefore, the applied-bias-compensated solar-
to-hydrogen efficiency and half-cell (to be used with a two-
electrode cell) is employed:

AB − STH =
I × ηF × V th −Vbias

Psun
, 2

where I is the photocurrent density, ηF is the faradaic effi-
ciency, V th is the theoretical voltage for water splitting

Si/SiO2
Form seed layer & rinse

× 3

Submerge in growth solution 

8 hrs
90°C 

ALD

Figure 2: A hybrid ALD/hydrothermal process is used to fabricate the TiO2@ZnO nanowires. ZnO nanowires are grown hydrothermally.
First, a quantum dot seed layer is formed on the surface of an oxidized silicon wafer. The seed layer forms the basis upon which the
nanowires grow. Next, the wafer is submerged into Zn-rich growth solution for 8 hours at 250°F; nanowire height can be tuned via growth
time. Finally, the ZnO nanowires are coated with TiO2 using ALD.
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Figure 3: Process flow for ALD TiO2. TDMAT is adsorbed onto a substrate and the excess purged by argon. Next, H2O enters the chamber
and reacts with TDMAT in a self-limiting reaction; the excess H2O and by-products are purged by argon.
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(1.23V), and Vbias is the applied bias potential. The half-cell
STH for a photoanode is therefore

HC − STH =
I × EO2/H2O − ERHE

Psun
, 3

where EO2/H2O is the theoretical standard electrode potential
for the O2 + 4H+ + 4e- ⟶ 2H_2 O reaction vs. RHE, and
ERHE is the pH-dependent potential of the photoanode in
the electrolyte:

ERHE = Emeasured − E0
Ag−AgCl +

RT ln 10
F

pH, 4

where Emeasured and E0
Ag−AgCl are the potential measured

relative to an Ag/AgCl reference electrode and the standard
potential of the Ag/AgCl reaction, respectively. R, T , and F
are the gas constant, temperature, and Faraday constant,
respectively. Therefore, the cell efficiency is dependent not
only on the measured photocurrent density but also on the
applied bias potential. Furthermore, texturization, catalysts,
and coelectrodes to promote charge separation have been
readily shown as methods to increase photocurrent, while
fewer work exists on methods to decrease onset voltage, aside
from material choices.

3. Results and Discussion

3.1. Characterization. The phase structure of hydrothermally
grown ZnO nanowires was characterized using powder X-ray
diffraction (XRD). Figure 5 displays the X-ray diffraction
peaks, which confirm excellent crystallinity and hexagonal
wurtzite ZnO phase (JCPDS card No. 36-1451). The surface

morphology of the nanowire array was analyzed using a field
emission scanning electron microscopy (FESEM). SEM
images before ALD processing show highly ordered,
10 μm-tall nanowires with diameters of less than 50nm. Fur-
thermore, the nanowires show polygonal cross sections,
implying single-crystalline nature (Figures 6(a), 6(d), and
6(g)). SEM images of the nanowire array post-ALD show
complete coverage of TiO2. As shown in Figures 6(a) and
6(b), a single ZnO nanowire is uniformly coated by TiO2
when coated at 1000 ALD cycles (Figures 6(c), 6(f), and

Conductive tapeEpoxy

Wire to
potentiostat 

Sample

Side view

Top-down view

(a) (b)

Figure 4: (a) The electrode is prepared for electrochemical testing by passivating the nanowire array onto a glass substrate with epoxy. The
active material is isolated with epoxy, and conductive copper tape is used to establish electrical connection. (b) The cell is tested
electrochemically using a Gamry Ref. 600 with a 3-electrode setup vs. Ag/AgCl. The counter electrode is platinum.
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Figure 5: X-ray diffraction pattern of ZnO nanowires, confirming
both elemental composition and high crystallinity.
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6(j)), as opposed to 20-cycle coatings of TiO2, which shows
incomplete coverage (Figures 6(b), 6(e), and 6(h)). A trans-
mission electron microscopy (TEM) was employed for the
characterization of the single nanowire. Figure 7(a) exhibits
a single ZnO nanowire with a hexagonal cross section.
Figure 7(b) shows complete and conformal coverage of
1000-cycle TiO2 on ZnO nanowires. In contrast to previous
work on TiO2, we are able to achieve tall, highly ordered
ZnO2/TiO2 arrays. By using ALD to deposit a thin coating
of TiO2, we have further limited the distance of travel for

minority carriers, minimizing recombination and ensuring
better charge separation. The favorable geometry and high-
quality coating with ALD allows us to achieve stable devices
with excellent-onset voltage, producing photocurrent at
extremely low bias voltage.

3.2. Electrochemical Performance. As shown in Figure 8, the
ALD TiO2 shows significant differences in current outputs
between light and dark conditions, implying photocurrent
under lit conditions, with photocurrent increasing with
increasing voltage. While the signal-to-noise is poor due to
the low photocurrent, Figure 8 also shows that photocurrent
is generated even at very low voltages (low onset voltage).
The planar structure made of 1000-cycle TiO2 coatings
shows only marginal improvement in photocurrent over that
of 20-cycle TiO2 (Figures 8(a) and 8(b)) structure; in com-
parison, texturized TiO2 as shown in Figure 8(c) shows
significantly increased photocurrent. For example, at 0V vs.
Ag/AgCl, 1000-cycle TiO2 shows an order of magnitude
more photocurrent than 20-cycle TiO2. Furthermore, it is
noted that the electrode performances in these tests are in
the absence of surface catalysts, which have been shown to
greatly increase detectable photocurrent.

As seen in Figure 9(a), the PEC response of the bare ZnO
nanoarray is mostly obscured by side reactions, despite
cleaning the ZnO with ethanol and DI water. The side reac-
tions cause peaking and sharp increases in current. However,
when coated with ALD TiO2, the electrode is significantly
more stable, showing a marked lack of reactions that obscure
photocurrent response of the bare ZnO (Figure 9(b)). The
results suggest that the hydrothermal growth method for

ZnO
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(d) (e) (f)
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Figure 6: SEM images of ZnO, 20 cycles TiO2@ZnO (incomplete coverage), and 1000 cycles TiO2@ ZnO (complete and conformal coverage).
(a) Top-down view of ZnO nanowire forest, (b) top-down view of 20-cycle TiO2-coated ZnO nanowire forest, (c) top-down view of 1000-
cycle TiO2-coated ZnO nanowire forest, (d) single nanowire view of ZnO, showing hexagonal shape (single-crystalline), (e) single
nanowire view of 20-cycle TiO2 on ZnO, showing incomplete coverage, (f) conformally and fully coated 1000-cycle TiO2@ZnO, (g) side
view of ZnO nanowires, (h) side view of 20 cycles TiO2@ZnO, and (j) side view of 1000 cycles TiO2@ZnO.

100 nm
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50 nm

ZnO
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Figure 7: (a) TEM image of a lone ZnO nanowire, with hexagonal
shape. (b) TEM image of a 1000-cycle TiO2@ZnO nanowire,
showing conformal coverage along the body of the nanowire.
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ZnO results in impurities and instabilities that make the ZnO
nanowire array unsuitable for photocatalytic water splitting.
However, these instabilities are not observed in the ALD
TiO2-coated samples, implying that TiO2 is capable of stabi-
lization of a ZnO nanowire system as demonstrated in a pre-
vious work [21].

Since the grain boundaries of ALD TiO2 are poten-
tial recombination sites, ALD TiO2 is susceptible to low per-
formance as a PEC electrode. In contrast, the ZnO nanowires
are single-crystalline and less vulnerable to recombination
sites. By limiting the TiO2 to a 40nm coating on the ZnO
nanowire, the travel distance of minority carriers to a
single-crystalline substrate is greatly reduced, promoting

conductivity and reducing recombination. Since the band
gap of ZnO relative to TiO2 is smaller, the generated photo-
electrons in TiO2 should not experience build-up and subse-
quent recombination at the semiconductor junction.

4. Conclusion

High-aspect ratio and vertically ordered ZnO/TiO2 nanoar-
rays as long as 10 μm and less than 50nm in diameter were
successfully synthesized for applications in solar-powered
hydrogen (H2) gas harvesters. Hybrid hydrothermal/ALD
processing was used to achieve high-aspect ratio and high-
quality nanowire arrays. Surface morphology and phase
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Figure 8: Linear sweep voltammetry under lit and dark conditions. (a) High-aspect ratio TiO2@ZnO show significantly increased
photocurrent (~1 order of magnitude over planar TiO2 at 0 V vs. Ag/AgCl). (b) Planar 1000 cycle TiO2 on silicon shows photocurrent
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structure were analyzed to confirm TiO2-coated ZnO nano-
wires. Photoelectrochemical responses of synthesized nano-
wires were measured to investigate their performance as
hydrogen gas harvesters. Nanowires with TiO2 demonstrated
improved stability over bare ZnO nanowires during photoca-
talysis with low bias voltage. Results show that favorable
geometry and high-quality nanowires not only enhanced
chemical stability but also improved required bias voltage
to yield photocurrent.
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The aim of this study is to examine the technological challenge of the electrochemical formation of zinc oxide and Al-doped ZnO
films (ZnO:Al, AZO) as transparent conductive oxide coatings with complex architectures for solar cell photoanode materials. A
cathodic electrodeposition of AZO was performed using aqueous nitrate electrolytes at 25°C. A significant positive deviation in
aluminum percentage in the films was demonstrated by the LAES, EDX, and XPS methods, which originates from aluminum
hydroxide sedimentation. The photoluminescent characteristics of the ZnO films reveal low band intensities related to intrinsic
defects, while the samples with 1 at.% of aluminum show a strong and wide PL band at 600 ± 80 nm and increase in conductivity.

1. Introduction

Zinc oxide (ZnO) is a multifunctional material, mostly due to
its transparent and conducting characteristics and its advan-
tages in a wide range of technological applications such as
electrodes in solar cells and in flat-panel displays, touch con-
trol panels, shields with electromagnetic protection, light-
emitting diodes (LEDs), and smart windows. In order to
improve the electrical and optical properties of transparent
semiconductive ZnO films, oxide was doped with a number
of metal or nonmetal elements. Aluminum-doped ZnO films
(AZO) are considered the most promising alternative to
expensive indium-based ITO for transparent conducting
oxide materials for solar cells.

AZO thin films can be prepared by various techniques
such as sol-gel synthesis [1–3], atomic layer deposition
[4–6], chemical pyrolysis [7], chemical vapor deposition
(CVD) [8], magnetron sputtering [9, 10], and pulsed laser
deposition [11]. Most of these methods require a controlled

environment, which makes the processing complicated and
expensive. One of the promising methods for film deposition
is electrochemical deposition. The technique is simple and
cost-effective and is a single-step preparation. Electrodeposi-
tion offers unique features such as scalability, easiness of
implementation, and accurate control of film thickness and
morphology. Electroplating is a simple and easy-scaling
method for the production of metal oxide films with different
morphological shapes. In addition, the electrodeposition
method has several benefits such as low cost, material effi-
ciency, and energy efficiency and is a standard technique
worldwide. Furthermore, the preparation of AZO thin films
by electrocrystallization can be environmentally safe, and
nontoxic chemicals can be used in electrolytic baths.

It should be noted that only very few articles describe the
electrochemical deposition of zinc and aluminum oxide.
Most of these electrochemical approaches reported for ZnO
film preparation use an aqueous bath of zinc salt such as zinc
chloride and zinc nitrate, with the commonly used zinc

Hindawi
International Journal of Photoenergy
Volume 2019, Article ID 6808347, 10 pages
https://doi.org/10.1155/2019/6808347

http://orcid.org/0000-0001-6102-9024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6808347


precursors in zinc electrolytic baths [12]. Additionally, oxy-
gen precursors like nitrates (NO3−) and molecular oxygen
(O2) dissolved in water or hydrogen peroxide (H2O2) [13]
should be applied to reach metal zinc oxidation. Regardless
of the oxygen precursors applied, crystalline ZnO thin films
with optical transparency can be obtained. According to
[10], a higher Hall mobility can be expected for films with
an increased grain size and Al concentration of 2 at.%.
The corresponding optical bandgap values for such films
reach 3.8 eV increasing from 3.4 eV, while the transmittance
is 85%.

Most publications on the deposition of ZnO from zinc
nitrate baths describe a uniform film growth for heating up
to 80°C only when individual ZnO particles are round-
shaped or hexagon-like, depending on deposition conditions.
According to Refs. [14, 15], polycrystalline ZnO films could
be grown up successfully in aqueous nitrate electrolytes.

In Ref. [16], authors report the electrodeposition of AZO
using zinc-aluminum nitrate electrolytes. For electrolytes
with Al3+ concentrations up to 0.3mM, the formation of a
top-layer amorphous Al2O3 is observed. For the films
obtained, EIS measurements confirm their n-type character
and also an increase in the charge carrier density (ND) from
1019 to 1020 cm−3 as Al is incorporated. The optical band gap
increases with the Al content from 2.8 eV for undoped ZnO
up to 3.45 eV for ZnO:Al with 11 at% Al. The blue shift of
the band gap values is consistent with the Burstein-Moss
effect. The Urbach tail parameter analysis suggests that elec-
tronic defects from Al doping cause to extend the optical
absorption responsible for the observed photocurrent
increase. Film transparencies up to 60% at 550nm and a car-
rier density in the order of the ITO substrate suggest that
films with 11% at Al content could be suitable as transparent
conductive oxide in thin film solar cells. So both publications
[10, 16] demonstrate the evolution of optical properties that,
most likely, originates from some changes in the surface
composition of coatings with various aluminum percentages.
The surface composition of AZO coatings is also of great
importance for its further application in electrical setups.

In this article, electrocrystallization of zinc oxide at ITO
substrates was carried out using nitrate electrolytic baths with
Zn(NO3)2 as a zinc precursor and aluminum nitrate as a
source of Al3+ ions. The chemical composition of zinc and
aluminum coprecipitation products obtained in an electrical
field at room temperature (RT) was analyzed precisely to
reveal any admixture phases. The effect of the aluminum per-
centage on the optical and electrical properties of AZO was
assessed through UV–vis optical transmittance, photolumi-
nescent spectroscopy, and two-fold electrical measurements.

2. Experimental

Al-doped ZnO films have been prepared by mutual electro-
chemical deposition of zinc and zinc oxide. The process has
been carried out in a three-electrode cell at room temperature
from nitrate aqueous baths. The zinc bath composition
included just nitrates, namely, 0.2 М Zn(NO3)2, 0.5 М
KNO3, and 0.0032 М Al(NO3)3. The working and counter
electrodes have been placed parallel to each other and

separated by 2 cm. The reference electrode is a saturated
aqueous Ag/AgCl/KCl(s) electrode connected to the cell via
a Luggin capillary. A platinum wire of 0.5mm diameter has
been applied as a counter electrode. The samples with a dif-
ferent theoretical thickness of h = 300 − 2000 nm have been
prepared. The amount of the precipitated metal and, conse-
quently, film thickness h, is estimated using Faraday law from
the deposition charge under the assumption of 100% current
efficiency. Cyclic voltammetry (CV) has been carried out in
the range of -2.5 – 0 V vs. Ag/AgCl/KCl(s) electrode.

The sample morphologies of ZnO films are examined
using a Leo Supra 50 VP scanning electron microscope
or a Carl Zeiss NVision 40 scanning electron microscope
(SEM). Both the instruments are equipped with EDX Oxford
Instruments attachments for the local chemical analysis.

TG-DTA analysis has been performed with preliminary
delaminated pristine coatings of complex composition. All
measurements have been carried out using STA 409 PC Luxx
coupled with a quadrupole mass spectrometer QMS 403С
Aëolos (NETZSCH). Annealing has been done in argon as
a gas carrier with a flow rate of 30ml/min. The samples have
been annealed up to 800°C with a heating rate of 5°/min and
an isotherm at 800°C for 30min.

Mass spectrometry with inductively coupled plasma (ICP
MS) analyses of electrolyte contents have been carried out
using an ICP spectrometer Perkin-Elmer ELAN DRC-II.
Standard solutions have been prepared to correspond to a
range of concentrations of the components to be determined
at 0-10μg/l. Standard aliquots of zinc and aluminum ions
with concentrations of 1mg/cm3 have been used for con-
structing the calibration graph. Electrolytes with theoretical
mole fractions of aluminum of 1, 2, 4, 6, and 10 at.% have
been specified. Two additional series of probes have been
prepared from the initial electrolytes. In the first series
electrolytes have been diluted 6ˑ106 times, while in the sec-
ond series the dilution has been done 3.6·107, in order to
reach the concentration of ions (Al and Zn) in the range
0-10mcg/l.

Laser atomic emission spectroscopy (LAES) has been
carried out for semiquantitative analysis of aluminum per-
centage in the films deposited. The spectral recording sys-
tem is implemented on a monochromator-spectrograph
with a 4-position turret of replaceable diffraction gratings
and a CCD detector from Toshiba or on several Paschen-
Runge-type polychromators with five Toshiba CCD linear
detectors with the following characteristics: range of wave-
lengths 177-800 nm, reproducibility ±0.01 nm, spectral
resolution < 0 012 nm, accuracy of setting the wavelength ±
0 01 nm. The scanning mode was as follows: defocusing—2
times, energy—13 J, the number of pulses per point—3, and
the number of points (“shots”)—5-9.

The XPS spectra have been recorded on a laboratory
spectrometer PHI5500VersaProbeII. The excitation source
is monochromatized Al Kα radiation (hν = 1486 6 eV), and
power is 50W. The analysis area is 200μm in diameter. Use
of a neutralizer-double neutralization (electronic and ionic)
is used. The elemental analysis was as follows: atomic
concentrations are determined from overview spectra by
the method of factors of relative element sensitivity by the
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lines C1s, O1s, Zn2p3, N1s, Al2p, Cl2p, K2p, and In3d5.
High-resolution spectra are recorded at transmission energy
of the analyzer of 23.5 eV and a data acquisition density of
0.2 eV/step.

The dark DC electrical resistivity of the films studied has
been measured at room temperature by a routine 2-terminal
technique in a capacitor configuration. The contacts to the
films and to the substrate were prepared using Ag paint.

3. Results and Discussion

3.1. Voltammograms and Deposition. Experiments on the
deposition of Al-doped zinc oxide were carried out using
conductive transparent ITO substrates to examine the
microstructure and composition for further application as
photoanodes. The corresponding cyclic voltammetry (CV)
curves and preferred electroplating modes are presented in
Figure 1 and Table 1.

According to CV data and other studies [17], the growth
mechanism of ZnO films from nitrate electrolytes can be
described by the following processes. The first one is the
reduction of nitrate ions, which produces nitrite and
hydroxide ions at the cathode. This is followed by the inter-
action of zinc cations Zn2+ with hydroxide ions, forming
zinc hydroxide. After dehydration of the hydroxide, ZnO is
formed as a final product. The mechanism of ZnO electrode-
position in the nitrate electrolyte is described by equations
(1), (2), (3), and (4):

Zn NO3 2 → Zn2+ + 2NO3
− 1

NO3
− +H2O + 2e− →NO2

− + 2OH− 2

The reduction of nitrate ions (NO3−) to nitrite ions and
release of hydroxyl ions (OH−) occur at about −0.70V vs.
Ag/AgCl/KCl(s). The formation of Zn(OH)2 or ZnO
deposits occurs according to equations (3) and (4). When
the applied potential is around −0.75V, hydroxyl ions
OH− generated at the cathode produce Zn(OH)2 which
turns to zinc oxide ZnO.

Zn2+ + 2OH− → Zn OH 2 3

Zn OH 2 → ZnO +H2O 4

ReductionofZn2+ ions tometallic zinc occurs below−1.0V:

Zn2+ + 2e− → Zn s 5

This deposition mechanism indicates that zinc hydroxide
Zn(OH)2 is an appropriate precursor for ZnO electrochemical
growthbecause of its slower deposition rate and easy zincite for-
mation on heating. The formation of zinc hydroxide is optimal
for controlling themorphology of the product, including nucle-
ation processes and growth and phase boundary formation
between theZnOgrains.On theotherhand, slowelectrocrystal-
lization of metal zinc with the subsequent oxidation is an alter-
native way to obtaining a uniform transparent coating. The
formation of zincite-like ZnO occurs right at the cathode if

the concentration of hydroxyl ions is low. The growth kinetics
and also habitus of the crystallites is mostly determined by the
concentration of Zn2+ ions in the near-cathode region.

In order to identify the electrodeposition processes and to
verify the electrochemical behavior of the electrodes in
nitrate baths, cyclic voltammetry measurements were carried
out. Figure 1 shows the cyclic voltammograms recorded
at 25°C in the potential range from 0 to −2.5V vs.
Ag/AgCl/KCl(s) in nitrate baths. An increase in the cathodic
current density begins at about 0.85V, which corresponds to
the nitrate ion reduction (equation (2)). The next increase at
around -1.1V corresponds to the reduction of zinc ion Zn2+

into metallic zinc. During the reverse anodic scan, no anodic
currents are observed, which points to the high stability of
the films without any delamination processes. In order to
understand the impact of Al3+ during the reduction process,
voltamperometry was performed for the baths with different
concentrations of Al(NO3)3 (from 0 to 0.0256M) and with a
constant Zn(NO3)2 concentration of 0.2M. Figure 1(b) dem-
onstrates that CV curves for electrolytes consisted only of
Al(NO3)3 or Zn(NO3)2 in order to determine the optimal
deposition potentials for Al and Zn independently. For
mixed zinc and aluminum electrolytes, the deposition poten-
tial of -1.1V was applied to effectively deposit both kinds
of cations. The average deposition rate for the samples
obtained at different potentials in the range of (-1.3 – -1.1V)
vs. Ag/AgCl was insignificant. Namely, an increase in the
potential to -1.3V also contributes to the more nonuniform
and dendritic growth of electrolytic sediment, which is unde-
sirable for the study; the lowest of the proposed potentials
was selected for deposition of the samples: -1.1V.

The XPS data confirms the formation of the aluminum
hydroxide phase at the working electrode in the process of
electrocrystallization at -1.1V. An analysis of the Al2p and
O1s line profiles has shown the presence of a single Al3+

compound (Figure 2). Namely, the presence of the Al2O3
phases correspond to binding energies (BE) of 74.40–
74.60 eV [18], an oxyhydroxide phase AlOOH to 74.60 eV
[19], while the BE of 74.20 eV belongs to Al(OH)3 [20].
The observed Al2p line correlates with the characteristic
band for the Al(OH)3 phase precisely. Also, the O1s band
matches the BE values for aluminum hydroxide Al(OH)3.
The following reaction could take part under the deposition
conditions (equation (6)):

Al3+ + 3OH− →Al OH 3 →Al2O3 + H2O 6

An XRD analysis was carried out to identify the forma-
tion of Zn(OH)2 and Al(OH)3 at the electrodes. It was
found that most reflections in diffractograms correspond
to Zn(OH)2 (file JCPDS 36-1451) while no reflections of
the individual Al(OH)3 phase were found.

All concentrations of metals in the baths were measured
experimentally by mass spectrometry (ICP MS). The deter-
mined values of the concentrations are fairly close to the cor-
responding theoretical values, with a margin of error not
exceeding 1-5%. The data obtained is given in Table 1 as an
atomic percentage × at% Al3+ and (1 − x) at% Zn2+.
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LAES data for the deposited films show a systematic
increase in the aluminum percentage in the bulk of the films
which contain much more aluminum than required
(Table 2). The characteristic lines of aluminum increased
drastically with Al concentration in the electrolytic bath.
The dependence of the bulk Al percentage on its concentra-
tion in electrolyte can be described by the Langmuir-
Freundlich isotherm model for adsorbates as shown in
Figure 3.

Table 2 shows the dependence of the experimental
atomic fraction of aluminum on its theoretical content
in deposited films studied by three independent research

methods, such as XPS, EDX, and LAES. Despite significant
discrepancies in the data, the averaged values indicate posi-
tive deviations in the aluminum content in the samples. So
for sample Al-1, the content of aluminum is about 9 at % of
dopant (Table 2). For the samples obtained with higher con-
centrations of dopant in the bath, the mole fraction of alumi-
num exceeds the calculated values even more significantly,
reaching a constant value of about 14.5%.

The EDX data showed a uniform distribution of zinc and
aluminum over the surface of the film, but found a complete
discrepancy between the ratios of metals in the volume of the
films, which is due to the low accuracy of the method
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Figure 1: Cyclic voltammograms of ITO electrode in zinc nitrate electrolytes with different concentrations of aluminum nitrate: (a) 1—Al-free
zinc nitrate electrolyte and 2—Zn-free aluminum nitrate electrolyte. (b) 1—Al-free electrolyte, 2—1 at.% of aluminum, and 3—2 at.% of
aluminum. Scan rate—20mV/s.

Table 1: Zinc deposition electrolytes and applied deposition methods.

Electrolytes
Electrolyte
composition

C(Zn) (ICP MS), mol/l C(Al) (ICP MS), mol/l Al/Zn (ICP MS)
Deposition potential,

deposition rate

Al-0
0.2М Zn(NO3)2 -1.1 V (-1.3÷ -1.1 V) vs. Ag/AgCl
0.5М KNO3

Al-1

0.2М Zn(NO3)2
99.02 0.98 0.0099 -1.1 V (-1.3÷ -1.1 V) vs. Ag/AgCl0.5М KNO3

0.0032М Al(NO3)3

Al-2

0.2М Zn(NO3)2
98.05 1.95 0.0199 -1.1 V (-1.3÷ -1.1 V) vs. Ag/AgCl0.5М KNO3

0.0064М Al(NO3)3

Al-4

0.2М Zn(NO3)2
96.03 3.97 0.0413 -1.1 V (-1.3÷ -1.1 V) vs. Ag/AgCl0.5М KNO3

0.0128М Al(NO3)3

Al-6

0.2М Zn(NO3)2
94.00 6.00 0.0638 -1.1 V (-1.3÷ -1.1 V) vs. Ag/AgCl0.5М KNO3

0.0192М Al(NO3)3

Al-10

0.2М Zn(NO3)2
90.07 9.93 0.1102 -1.1 V (-1.3÷ -1.1 V) vs. Ag/AgCl0.5М KNO3

0.0256М Al(NO3)3
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(Table 2). On the other hand, the EDX data confirm the effect
of an increased aluminum percentage in the samples that
matches LAES data.

A semiquantitative analysis of the surface composition
of the films was achieved by XPS spectroscopy. The same
effect of the positive deviation of the surface concentration
of aluminum was found, and the mole fraction of surface

aluminum exceeds its volume percentage. The Al/Zn ratios
obtained from the XPS survey spectra are higher than the
values found for the bulk of the film by the LAES and
EDX methods, which show an integral result for the coating
(Figure 3). This result indicates that the composition of the
surface of the film probably differs from its bulk.

According to experimental data, the aluminum content
on the surface of the film is much higher than the bulk con-
tent, as can be seen in Figure 3. The corresponding binding
energy peak Al2p could be related to the aluminum hydrox-
ide. The secondary crystallization of the Al(OH)3 phase is
typical for all mixed electrolytes. In this case, the percentage
of surface aluminum grows with its concentration in the bath
and the saturation of the surface occurs if the Al concentra-
tion reaches 2mol.% or even less. So the composition of elec-
trolytes remains below 2 at.% of aluminum, since for the
remaining formulations there is an excessive amount of
hydroxides on the surface, so in the following optical and
electrical experiments the samples with a theoretical dopant
percentage of 1 and 2 at.% were studied.

ITO is an appropriate substrate for ZnO crystal growth
both in aqueous and alcohol media. As reported by Lebedev
et al. [21], a (002)-oriented growth of ZnO nanorods under
hydrothermal conditions is observed. The surface morphol-
ogy of polycrystalline ZnO:Al films deposited at various
potentials is always different, including different porosity
and particle size. The samples Al-0, Al-1, and Al-2 demon-
strate a nonuniformity of thickness, uniform macropores,
and sponge-like architecture (Figure 4). An increase in Al
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Figure 2: Characteristic XPS bands for Al 2p and O 1s for the sample with theoretical percentage of Al 2 at.%.

Table 2: Characteristics of ZnO:Al coatings after annealing at 530°C for 1 hours. 1μm thick films have been applied for LAES, EDX, and
XPS analyses.

Electrolytes
Zn (LAES),

at%
Al (LAES),

at%
Al/Zn
(LAES)

Zn (EDX),
at%

Al (EDX),
at%

Al/Zn
(EDX)

Zn (XPS),
at%

Al (XPS),
at%

Al/Zn
(XPS)

Al-0 0 34.5 0 0

Al-1 90.9 9.07 0.10 3.03 1.60 0.53 21.0 5.0 0.24

Al-2 86.0 14.0 0.16 2.97 5.59 1.88 7.5 15.0 2.00

Al-4 86.3 13.7 0.16 0.88 1.58 1.80 9.7 7.2 0.74

Al-6 86.0 14.0 0.16 1.63 9.26 5.68 1.3 18.1 13.90

Al-10 84.3 15.7 0.19 3.82 16.13 4.22 23.6 18.9 23.60
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Figure 3: Graphical representation of the Al/Zn ratio in electrolytes
and the samples before annealing according to (a) ICP MS data for
the electrolytes (1), (b) LAES data (2), and (c) XPS data (3) for 2μm-
thick films with different concentrations of aluminum.
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percentage in the bulk leads to a much more uniform film
growth as seen in Figure 4. However, most uniform films
such as Al-6 and Al-10 have shown an excess of Al(OH)3 at
the surface according to XPS results. In the following thermal
oxidation step, it forms a chemically inert insulator Al2O3,
which is undesirable for electronic devices.

On the other hand, it is interesting that there are still not
many techniques for porous ZnO template synthesis, as
porous semiconductive coatings have great potential for dif-
ferent electronic applications including photovoltaics [22].
The formation of pores can be attributed to the enhanced
growth height or roughness of the sample and to the hydro-
gen evolution at the cathode. However, the pores do not alter
the structure of ZnO, as it is visible in the image in
Figure 4(b), which shows the patterned grains of the sample
that are characteristic of the wurtzite structure [22]. The for-
mation of pores in ZnO structures was reported elsewhere.

In the micrographs, it is clear that the grains are thin
and flake-like with an average diameter of about 1μm and
thickness of tens of nanometers. The grains are intercon-
nected and uniform and form compact films. The grains
of the samples are characterized by the wurtzite structure
and indiсed as an (110)-oriented flake with a hexagonal
zinсite-like structure.

In accordance with TG-DTA data (Figure 5), the thermal
degradation of pristine deposited coatings above 500°C
results in white-color nanocrystalline zinc oxide powders.

However, a weak CO2 gas releasing takes place up to 600°C.
The films degrade releasing carbon dioxide at 220-300°C
and 450-470°C. An additional carbon dioxide release is
found above 600°C, likely as a result of the formation of
some carbonate in the air. So the obtained deposits can be
turned into oxides at 550°C with a further softening of the
substrate material.

The electron diffraction (ED) data of individual deposit
crystallites also correspond well to the hexagonal ZnO lattice
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Figure 4: SEM micrographs of ZnO coatings deposited in different aqueous nitrate baths with various Al percentage, namely, (a) ZnO
electrolyte, (b) 1 at.% of aluminum, (c) 2 at.% of aluminum, (d) 4 at.% of aluminum, (e) 6 at.% of aluminum, and (f) 10 at.% of aluminum.
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but not to zinc hydroxide Zn(OH)2. A diffractogram of an
individual flat plate-like crystallite is presented in Figure 6.

The transport characteristics of the samples were studied
to reveal the formation of an inert Al2O3 phase at the surface
or ZnO doping by aluminum. The change in the phase com-
position of the samples during annealing is indicated by the
change in the electrical resistivity of the samples, which
decreases from (2-4)x106 Ohm·cm approximately by factor
2 for Al-1 - Al-4 samples but not for the Al-6 and Al-10 ones.
Generally, the Al doping resulted in the fairly high conduc-
tivity of samples. However, insulator admixtures such
Al2O3 segregate under the annealing conditions onto the
ZnO grain boundaries increasing the resistance of the films.
Such effect is the most significant for the samples with higher
aluminum content.

Also, assuming that the Al/Zn ratio is in an appropriate
range, it is expected that during annealing Al3+ ions diffuse
into the ZnO lattice and some of the Zn2+ sites are replaced
by Al3+. According to the defect theory, Al3+ ion substituted
in the crystal lattice acts as an interstitial impurity. At the
same time, the electrical conductivity of AZO films depends
on the oxygen vacancy and the contribution of Zn −Al inter-
stitial atoms. The drop in oxygen vacancies reduces the con-
centration of carriers, thereby increasing resistivity.

3.2. Optical Characteristics. Al-doped ZnO films were studied
by optical spectroscopy in the UV-vis range to characterize
their optical transparency and reflectance inputs. Figure 7
demonstrates the direct (regular) transmittance spectra of
ZnO deposited on ITO substrates from an aqueous nitrate
electrolyte. The theoretical thickness of the deposited films
varied from 1000 to 2000 nm to reach the full coating of the
ITO glass and also to reveal the samples with the finest opti-
cal and structural characteristics.

Both undoped and Al-doped films have strong absorp-
tion in the UV region and good transmittance of 75% in
the visible region. The absorption intensity of Al-doped films
increases slowly in the visible range, and the absorption peaks
are not obvious in comparison with undoped ZnO where the
absorption intensities increase rapidly at the absorption edge.
This means that Al doping degrades the film crystal quality.

Otherwise, Al doping leads to a slight blue shift of the film
absorption edge and the shift increases monotonically with
an increase in Al concentration as reported by [6]. Most
likely, this shift originates from surface Al2O3 but also corre-
sponds to the Burstein-Moss effect [10]. The blue shift behav-
ior in the band gap can be attributed to an increase in the
carrier concentration that blocks the lowest states in the con-
duction band, known as the Burstein–Moss effect. Such an
increase in the carrier concentration in Al-doped ZnO will
cause the Fermi level to move into the conduction band.

The ion Al3+ radius is smaller than that of Zn2+. The
substitution of lattice Zn2+ with Al3+ would widen the ZnO
bandgap. The blue shift of the absorption edge of the doped
films indicates that the doped Al3+ ions are located in the lat-
tice site forming Zn1–xAlxO alloys. The profiles of the trans-
mittance spectra correlate well with the spectra reported in
Ref. [10].

Photoluminescence data is shown in Figure 8. Since only
electrolytes with a low aluminum content are of practical
importance, we consider samples with 0 or 1 at % Al as Al-
substituted samples. The low luminescence intensity for the
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Figure 6: TEM and electron diffraction data for a single particle of ZnO produced via the annealing process in the Al-0 film.

300 400 500 600 700
0

20

40

60

80

100

2

3

T 
(%

)

𝜆 (nm)
Al-2
Al-1
Al-0

1

Figure 7: Optical transmittance spectra of ZnO coatings of 1—Al-0,
2—Al-1, and 3—Al-2 with different thicknesses of 1000 nm and
2000 nm.
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doped sample, the maximum in the visible region, indicates a
low defect in the crystallites. Room-temperature PL spectra
show a strong UV emission and an improved UV-to-visible
emission ratio, a clear indication for high optical quality
ZnO films.

The near-band-edge luminescence (NBE) of crystalline
ZnO was collected at 77K and 293K, and there are only
strong lines in the spectra at 370nm (3.35 eV) and 395nm
(3.14 eV) correspondingly. In the PL spectrum collected at
77K both green and yellow lines of intrinsic defects, Zni″
and VO˙˙ were observed as week bands.

In the PL spectra of the samples with the lowest theoret-
ical percentage of aluminum of 1 at.%, a strong maximum at
600 ± 80 nm (2 07 ± 0 31 eV) is observed at 77K. The large
peak width corresponds, most likely, to a mixed input of dif-
ferent defects including the yellow line of oxygen vacancies
VO˙˙ (550 nm or 2.25 eV) or interstitial atoms [6, 21, 23].
According to Ref. [24] various AlZn–Oi complexes make a
strong input to the yellow band at 550nm. At the same time,
the NBE bands of the Al-1 sample show a slight blue shift for
doped samples moving the NBE to 370nm (3.35 eV) [25].

For the comparison, all samples with higher theoretical
percentage of aluminum (with Al-reached surfaces) showed
a different character of their PL spectra. These spectra
included the blue shoulder right near the NBE bands at
440 ± 450 nm (2.76 eV) and a broad maxima in the red
region at 700 ± 100 nm (1 77 ± 0 30 eV). These lines were
not observed in the spectrum of the Al-1 sample. They could
be also related to AZO point defects (VO˙, Zni ′, and Oi″,
correspondingly) [24], but, most likely, they are associated
with unknown defects in crystalline alumina.

4. Conclusions

The samples obtained in the zinc-aluminum nitrate aqueous
electrolyte are, most likely, doped ZnO:Al or ZnO:Al with
some Al2O3 admixture at the surface. An important

advantage of this electrolyte composition is the intensive oxi-
dation of the electrolytic precipitate. Nometal phase has been
detected in the samples which means ZnO films can be
obtained from nitrate electrolyte in a single step, without
any additional oxidants. Also, a positive deviation in the alu-
minum percentage in the sample could be reduced if electro-
lytes are used with a smaller concentration of the dopant. The
doping of ZnO with Al has produced a new photolumines-
cence maximum originated from different kinds of point
defects as oxygen vacancies are included both as a substitute
for Zn by Al3+ ions in the ZnO lattice with coordinated inter-
stitial oxygen.

On the other hand, the microstructure of the films is
porous, which is appropriate for semiconductive scaffolds
for solar cells but less suitable for most TCO layers in micro-
electronics. Subsequent studies should focus on improving
this deposition technique.

Data Availability

Thedata used to support thefindings of this study are obtained
by all authors at Lomonosov Moscow State University
(MSU), Lebedev Physical Institute (LPI) of the Russian
Academy of Sciences, Prokhorov General Physics Institute
of the Russian Academy of Sciences (GPI), and ZAO
“SPECS”. The composition characterization data (ED,
XRD, XPS, and TG-DTA MS data) used to support the
findings of this study are included within the article. The
SEM data used to support the findings of this study are
included within the scope of the article. The diffuse spec-
troscopy data are performed in MSU and used to support
the findings of this study which are included within the
article. The photoluminescence spectroscopy data carried
out in LPI and used to support the findings of this study
are included within the article. The twofold resistance mea-
surements are carried out in GPI using an original setup.
LAES measurements are obtained using an original setup
developed by ZAO “SPECS”.
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Figure 8: Photoluminescence spectra of ZnO:Al coatings deposited from zinc-aluminum nitrate electrolytes. (a) PL spectra for Al-0 (Al-free)
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Ruthenium metal nanoparticles with a narrow size distribution have been synthesised via a solvothermal method. The solids were
characterised using a range of analytical techniques (XRD, TEM, TPD, and XPS) and tested in the CO2+H2O reaction under
simulated solar radiation, showing photocatalytic activity towards the production of CH4 and CO. The photocatalysis was
promoted through a plasmonic excitation of the Ru. The addition of Ti to the preparation resulted in the formation of anatase
TiO2. Notwithstanding the fact that the energy of the light used during the photocatalysis was insufficient to excite TiO2, its
presence affects the catalysts’ optical and chemical properties and the product (CH4/CO) ratios, favouring the evolution of CO
over that of CH4 (suggesting exciton transfer to TiO2 from plasmonically excited Ru).

1. Introduction

Increasing concentrations of atmospheric CO2 have drawn
considerable attention in the scientific sphere driving
researchers to seek strategies to reduce current levels and cur-
tail overall emissions [1, 2]. CO2 utilisation is a desirable
strategy as it can potentially lead to decreased levels of atmo-
spheric CO2 and the generation of products that aid energy
and rawmaterial demand. Thus, with an appropriate process,
from an undesired waste, CO2 becomes a valuable and cheap
feedstock [3, 4].

Reduction of CO2 using H2O involves the breaking of
strong C=O and O-H bonds and thus requires energy
input [5, 6]. The photoconversion of CO2 is performed
by nature through photosynthesis [7]. Artificial photosyn-
thesis (AP) involves the reduction of CO2 using H2O and
solar energy in a nonbiological system. However, C=O
and O–H bonds are optically inert in the range of near-
UV and visible light (200–900nm) making the use of a

photocatalyst a requirement [1, 7, 8]. The photochemical
reduction of CO2 is a multiple electron transfer process
leading to the formation of many different products rang-
ing between CO and CH4 and including all semireduced
C1 and C2 species [8, 9]. Following over 40 years of
research on this reaction, the scientific community is still
a long way from producing efficient and viable devices for
promoting artificial photosynthesis and there are many
unresolved questions surrounding the reaction mechanisms
and other parametric effects [9, 10].

Nanocrystals of noble metals have been used in various
applications including electronics, optics, magnetics, and
catalysis and exhibit unique electronic, photonic, and cata-
lytic properties compared to their bulk counterparts [11].
Ruthenium (Ru) is a widely used catalyst for the promotion
of active and selective CO2 and organic reactions [12, 13].
Despite being an important element in catalysis, the appli-
cation of Ru nanoparticles in the AP reaction, to our knowl-
edge, has not been reported. This study describes a facile
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solvatothermal approach to fabricate nanoparticles of ruthe-
nium (in the presence and absence of TiO2) from an etha-
nol solvent.

Three catalysts were prepared. The materials were char-
acterised, and their catalytic activity was investigated in the
AP reaction under batch reaction conditions. The described
results show the first example of the use of metallic nano-
particles in an artificial photosynthetic reaction without
the aid of a semiconductor component. It is also the first
example of plasmon-promoted photocatalysis over Ru
nanoparticles and of plasmon excitation transfer from Ru
to TiO2.

2. Experiment

2.1. Preparation of the Photocatalysts. The ruthenium-based
photocatalysts were prepared using a solvothermal route.
At room temperature, RuCl3·3H2O (Sigma-Aldrich, 100mg,
0.5mmol) was left to equilibrate overnight in absolute etha-
nol (Fischer, 12mL). The resulting solution was then trans-
ferred to a 20mL Teflon-lined, stainless-steel autoclave
(Parr) and heated at 160°C for 12 hours. The resulting solid
was centrifuged, washed with distilled water and acetone sev-
eral times, and dried at 60°C overnight. This procedure was
repeated adding TiCl3 (Acros, 20% in ethanol) to the RuCl3
solution after the equilibration. The addition of TiCl3 was
carried out dropwise at two Ru : Ti molar ratios: 10 : 1 and
1 : 10. Thus, three different RuxTiy samples were prepared
(Ru1Ti0, Ru10Ti1, and Ru1Ti10), where x and y are the respec-
tive Ru : Ti molar ratios. These are designated as 100%Ru,
10%TiO2/Ru, and 10%Ru/TiO2 in the text.

2.2. Characterisation Methods. X-ray powder diffraction
analysis was carried out on a Siemens D500 Kristalloflex
diffractometer using Cu Kα radiation (λ = 1 54056Å). The
voltage and the current were set to 40 kV and 30mA,
respectively, and the scan was conducted in 2θ mode, an
angular range of 10–90°, 0.01 step per degree, and 5 seconds
per step.

UV-visible spectra were recorded on a Jasco V-650
instrument equipped with an integrating sphere (ISV-722).
Absorbance was recorded in the range of 190–900nm in
baseline correction mode, with background spectra being
collected prior to the experiments.

A Quantachrome NovaWin2 instrument was used to
obtain N2 adsorption/desorption isotherms at 77.3K. The
BET-specific surface area (SBET) was calculated from the lin-
ear fit of the data in the N2 adsorption/desorption isotherms
over the relative pressure range (P/P0) of 0.05–0.30 using the
Brunauer-Emmett-Teller (BET) equation.

Samples for TEM (Transmission Electron Microscopy)
analysis were dispersed in isopropanol and sonicated for 15
minutes. 10μL of the suspension was then dropped onto
holey carbon films supported by copper TEM meshes. The
solvent was evaporated prior to analysis. Images were
recorded on a FEI Tecnai G220 TWIN microscope operated
at 200 kV.

XPS (X-ray Photoelectron Spectroscopy) analysis was
performed on a Kratos Axis Ultra DLD instrument. Samples

for XPS were pressed into pellets using a hydraulic press
prior to analysis.

TPD (Temperature Programmed Desorption) experi-
ments were carried out using both H2O and CO2 as probe
molecules. For CO2 TPD, samples were loaded into a quartz
tubular reactor and held in place using quartz wool plugs.
While the solid was kept under a flow of Ar (100mLmin-1),
the reactor was housed in a furnace and heated at 110°C for
30 minutes to remove any physisorbed species from the
surface. This system was then allowed to cool at 50°C, and
the catalyst was dosed with 5% CO2 in a flow of Ar
(95mLmin-1) until saturation was reached (~1h). The CO2
signal at this stage was recorded as a calibration factor, before
CO2 was removed from the stream and replaced by an equiv-
alent flow of Ar, retaining the overall flow (100mLmin-1).
The temperature was lowered to 20°C, and the CO2 signal
(as measured using an online mass spectrometer—Prolab)
returned to background levels. The catalyst was then heated
from 20°C to 700°C at a ramp rate of 10°Cmin-1 while a por-
tion of the exhaust gas was continuously monitored on the
Prolab instrument. For H2O TPD experiments, a mixture
H2O/Ar was produced by flowing Ar (50mLmin-1) through
a bubbler containing 500mL of H2O immersed in a water
bath kept at 60°C. Considering the bubbler as an isolated
system and the relative vapour pressure of H2O at 60°C
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Figure 1: pXRD patterns of the RuTi series compared with the
standards Ru0, RuO2, and TiO2.

Table 1: BET surface areas and weight percentages (as derived from
pXRD) of the phases in the RuTi series.

Samples SSA (m2 g-1) Ru (wt%) RuO2 (wt%) TiO2 (wt%)

100%Ru 195 96 4 0

10%TiO2/Ru 177 86 6 8

10%Ru/TiO2 68 6 4 90
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(Pr 60°C ) as 0.1961 atm [5], the resulting mixture was 7.2%
H2O (v/v). This was used to dose the catalyst at 50°C with
3.9% H2O in a flow of Ar (96.1mLmin-1) until saturation
was reached (~1h). The H2O signal at this stage was
recorded as a calibration factor, before H2O was removed
from the stream and replaced by an equivalent flow of Ar,
retaining the overall flow (100mLmin-1). The temperature
was lowered to 20°C, and the H2O signal returned to
background levels. The catalyst was then heated from
20°C to 700°C at a ramp rate of 10°Cmin-1 while a portion
of the exhaust gas was continuously monitored using an
online Prolab mass spectrometer.

2.3. Catalytic Activity Measurements. The catalytic evolution
of gaseous products was investigated with a top irradiation
photoreactor vessel under batch conditions. In a typical
experiment, the catalyst (20mg) was loaded into the reactor

(73.5 cm3) and initially the system was held under a flow of
Ar (100mLmin-1) while the temperature was increased to
110°C for 30 minutes in order to ensure that any species
attached to the surface by physisorption had been removed.
The temperature was then lowered to 50°C, and a mixture
of H2O, CO2, and Ar (100mLmin-1) was switched into the
stream. The catalyst in the reactor was held under a flow of
CO2 andH2O for 1 hour with a CO2 :H2O ratio of 1 : 14. After
1 hour, the reactor was cooled at 25°C, sealed, and placed into
the chamber of anAtlas Suntest™CPS+ instrument and exter-
nally irradiated by a 300W Xe lamp (Figure SI 1) that only
emits visible light. During the reaction, the system was
cooled to ensure that the temperature was kept constant at
25°C. The reactor was equipped with a septum which allowed
sample extraction for analysis. The extraction of gaseous
aliquots for GC analysis was carried out periodically using a
500μL Swagelok™ gastight syringe. The GC was Varian
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Figure 2: (a, b, c) TEM images of 100%Ru, 10%TiO2/Ru, and 10%Ru/TiO2, respectively. Insets show Ru particle size histograms.
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GC-450 equipped with CARBOWAX and Hayesep C packed
columns, a methaniser, and detectors TCD and FID. The
injector, the FID, and the TCD were held at 200°C, while
the methaniser was held at 400°C. Ar was the carrier gas
with an overall flow of 50mLmin-1, and the pressure on the
column was set to 30 psi. For the analysis, the initial
temperature of the column was set to 50°C, and the column
was then ramped at a rate of 20°Cmin-1 to 120°C and held
at the final temperature for 2 minutes.

3. Results and Discussion

The XRD patterns of the RuTi series and reference XRD pat-
terns are shown in Figure 1. Hexagonal ruthenium metal
with a space group P63/mmc and lattice constants of a =
2 704 (7) Å and c = 2 958 (4) Å was observed in all samples
via the presence of (100), (002), and (101) diffraction peaks
at 2θ = 38 7, 42.2, and 44.2°. A small fraction of tetragonal
rutile-phase RuO2 (a = b = 4 593 (7) Å, c = 2 958 (7) Å;
weight percentages shown in Table 1) with a space group
P42/mnm was also observed in all samples, detected via the
presence of (110) and (101) diffraction peaks at 2θ = 27 8
and 35.1°. With regard to Ti phases, only anatase TiO2 was
detected in the 10%TiO2/Ru and 10%Ru/TiO2 samples via
the presence of (101), (103), and (200) diffraction peaks at
2θ = 25 7, 37.8, and 48.4°. The anatase TiO2 was obtained in
the tetragonal crystalline system with a space group
I41/amd and lattice constants of a = b = 3 793 (1) Å and
c = 9 510 (4) Å. No other diffraction features associated with
ruthenium- or titanium-related species were found regard-
less of the Ru : Ti molar ratio used in the preparation.

A small negative shift of 0.06° and 0.10° in the (110) and
(101) peaks of the RuO2 phase was observed in the profiles
of the 10%TiO2/Ru and 10%Ru/TiO2 samples, respectively

(when compared to the reference peaks of RuO2). Such a
shift, which can be correlated with expansive residual
strain, defects, or change in electronic configuration or
atomic structure, was not detectable in the pattern of the
100%Ru sample. The shift is ascribed to the inclusion of
Ti into the RuO2 matrix in these samples. This observation
obeys Vegard’s law [14, 15] where the lattice of metallic
substitutional solid solution is compressed with increasing
solute concentration as the atomic radius of solute atoms
(Ti, 176 pm) is smaller than that of the solvent atoms (Ru,
178 pm).

TEM images of the solids are presented in Figures 2(a),
2(b) and 2(c). In all cases, the morphology of the ruthenium
metal particles is spherical. This morphology can also be
observed in the SEM images (Figure SI 2). The inset plot
on each image displays the corresponding particle size
distribution histogram of the ruthenium metal nanoparticles
in the catalysts. The particle sizes ranged between 2 and
10nm—with an average diameter of 5 nm across the three
samples. Neither the morphology nor the size of the Ru
particles was affected by the introduction of anatase TiO2.
This is clear in Figure 2(c) in which the ruthenium
nanoparticles can be observed on the larger TiO2 particles.
As for the anatase TiO2 particles in 10%Ru/TiO2, these
are approximately spherical with an average size of 0.5–
0.7μm.

It is also noteworthy that the extent of aggregation of the
Ru nanoparticles differs across the three prepared samples. In
the 10%TiO2/Ru, the Ru nanoparticles appear more aggre-
gated than those in the 100%Ru sample and in the
10%Ru/TiO2 sample, and the aggregation is found to be the
least. The aggregation of Ru nanostructures into larger spher-
ical features may decrease the surface area of the final mate-
rial and affect the nature of the plasmon resonance, which is
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Figure 3: Displaced TPD profiles of (a) CO2 and (b) H2O from the three different materials.
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known to be size dependent on these nanoparticles [16, 17].
In turn, these characteristics may impact the catalytic proper-
ties. However, the UV-visible spectra, which analyse the plas-
mons, do not show any conclusive difference in the plasmon
band across the three samples.

3.1. Surface and Optical Properties. These materials showed
appreciable BET surface areas (Table 1). The multipoint
BET analysis plots are shown in Figure SI 3. The two Ru-
abundant samples—100%Ru and 10%TiO2/Ru—have much
higher BET surface areas than the Ti-abundant sample—
10%Ru/TiO2. This can be attributed to the different sizes of
the particles (see above).

Figure 3(a) shows TPDs of CO2 from the catalyst
series. The 100%Ru and 10%TiO2/Ru materials show two

desorption events in each profile, confirming the presence
of two CO2 accessible adsorption sites. These are well sepa-
rated peaking at T1 = 195°C and T2 = 270°C in the profile
from the 100%Ru catalyst, while for 10%TiO2/Ru, there is a
main peak at T2 = 270°C with a lower temperature shoulder
at T1 = 220°C. The incorporation of 10%Ti strengthens the
interaction between CO2 and the surface (as seen by the
change in desorption temperatures) and reverses the relative
concentrations of the adsorption sites. The 10%TiO2/Ru cat-
alyst contains the highest concentration of CO2 desorption
sites with 645.6μmol g-1 of CO2 desorbing from the saturated
catalyst, compared to 439.6 and 212.5μmol g-1 from 100%Ru
and 10%Ru/TiO2, respectively.

Upon increasing the Ti loading to ~90%, the CO2 adsorp-
tion/desorption characteristics were altered substantially.
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The extent of desorption was much lower, and it occurred at
higher temperatures (300–500°C), indicating the formation
of stronger adsorption sites on the (mostly) TiO2 surface.
These new (presumably TiO2-based) sites are more stable
than those on the 100%Ru and 10%TiO2/Ru materials; how-
ever, they are less stable than the typical CO2 adsorption sites
on anatase TiO2 [18]. Mao et al. have studied CO2 desorption
from various anatase TiO2 samples and reported that the
main desorption events occur in the 500–600°C range. This
shift in the CO2 peaks to lower temperatures suggests that
the presence of Ru has weakened the CO2-TiO2 interactions.
These catalysts are also capable of adsorbing and desorbing
H2O (see the H2O-TPD profiles in Figure 3(b)). These pro-
files show that the presence of TiO2 decreases the H2O
adsorption/desorption capacities of the materials. The Ru
sample without TiO2 shows a large peak at 225

°C with a sec-
ondary peak at 300°C, while when TiO2 is added to the mate-
rial the water desorption is singly (relatively broad feature)
peaking at 250°C from the 10%TiO2/Ru sample and at
~350°C from the 10%Ru/TiO2 material. These results con-
firm that the samples can adsorb (and desorb) both reactants
required for the AP reaction.

XPSmeasurements shed light on the nature of the surface
of these catalysts. Figure 4(a) shows the Ru 3d spectrum of
the 100%Ru sample. The two peaks observed in the Ru 3d
region are related to electron emission from Ru 3d3/2 and
Ru 3d5/2 levels (with binding energies at 280.7 and
276.2 eV, respectively). These peaks correspond mainly to
emission from hexagonal Ru0 with a coordination number
of 12 and a spin-orbit splitting Δ of 4.5 eV [19]. Upon decon-
volution of this spectrum, emission from small amounts of
Ru4+ (at higher energies relative to those from Ru0) was also
detected, confirming the presence of RuO2.

The Ru 3d spectrum of the 10%TiO2/Ru material shows
signals related to Ru0 and Ru4+ (as above) but also signals
related to emission from Run+ (Figure 4(b) and Figure SI
4). The existence of Run+ (0 < n < 4) species in this catalyst
must be ascribed to the added Ti and its effect on the
electronic structure of Ru. Kim and Winograd considered
that the substitution of metal ions into the RuO2 lattice is
most likely responsible for the formation of Run+ (0 < n < 4)
ions via electron transfer from Ti to Ru4+ ions [20].

Such observations are in good agreement with the XRD
results which show dissolution of Ti into the RuO2 lattice.
Furthermore, Rodriguez et al. reported the creation of inter-
stitial Mn+ species in solid solutions of (Ti–Ru)O2, such as
Ru3+, which may lead to undercoordinated oxygen species
(oxygen vacancies) preserving the electrostatic balance [21].

The Ti 2p spectrum of the 10%TiO2/Ru catalyst was also
recorded (Figure 4(c)). Emission from the Ti 2p1/2 and 2p3/2
levels with binding energies at 458.5 and 464.4 eV is related to
emission from octahedrally coordinated Ti4+. However, a
second, less intense peak at lower energy, related to Ti3+,
was also detected in the Ti 2p region. This peak must be
related to incorporation of Ti into the RuO2 lattice. The O
1s spectrum of this catalyst shows the presence of both lattice
and surface hydroxyl O atoms.

Figure 5 shows the UV-Vis spectra of the catalysts. The
absorption feature in the range of 250-358 nm observed in

the Ti-containing samples is associated with the O 2p–Ti
3d (band gap) transition of TiO2. The absorption beyond
358 nm towards the visible and near-infrared range
(λ = 400-800 nm) is significantly pronounced in the spectra
of all catalysts. This has previously been attributed to inter-
band transitions and localised surface plasmonic resonance
(LSPR), i.e., surface electron oscillation under continuous
electromagnetic stimuli [22–24] on Ru particles.

3.2. Photocatalytic Activity. The photocatalysis results are
shown in Figure 6. Regarding photoreactivity, it should be
noted that no products resulted from reactions that were car-
ried out (a) in the dark or (b) in the absence of catalyst. Nei-
ther was there any detection of products when P25 TiO2 was
used as a photocatalyst in the presence or absence of light.

Consumption of CO2 and production of either gaseous
CO or CH4 were only observed when both Ru-containing
catalysts and light were present. The reaction was carried
out in the presence of CO2 and H2O (with no hole scavenger
agents), and evolution of O2 at a larger rate in comparison to
evolution of the carbon-containing products was observed in
all cases (see Figure 6(a)). The levels of CH4 and CO pro-
duced as a function of reaction time for the different catalysts
are shown in Figure 6(b). While CH4 was the sole product
observed when using the 100%Ru catalyst, CO was formed
alongside CH4 over the Ti-containing catalysts. In the case
of the 10%TiO2/Ru catalyst, CO only arose as a minor by-
product; however, over the 10%Ru/TiO2 catalyst, CO was
produced in comparable amounts to CH4. Thus, as the quan-
tities of CO involved increase with the concentration of TiO2
in the catalyst, the generation of CO appears to be related to
the levels of TiO2 (anatase) in the material.

No carbon balance was achieved in these reactions.
Attainment of one is difficult for several reasons. Firstly, at
the beginning of the reaction, the reactor contains both
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Figure 5: UV-Vis spectra of the catalysts.
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gaseous and adsorbed CO2. It is possible to measure the
former and estimate the latter from CO2-TPD once an
equilibrium is attained without any reactions involved.
However, this is not the case here. This adsorbed CO2
desorbs during the course of the reaction depending upon
the partial pressure of gaseous CO2 remaining to be reacted,
and the attainment of this adsorption-desorption equilibra-
tion is not instantaneous.

Following the experiments, we measured the gas phase
concentrations of reactants and products. This data is pre-
sented in Table 2 from the reaction over the 10%TiO2/Ru cat-
alyst and shows a discrepancy of ~10% in the C balance. This
is not large when considering the dynamics of the reaction

0 2 4 6 8 24
0

10

20

30

40

50
Co

nc
en

tr
at

io
n 

(�휇
m

ol
 g

−1
) 

Irradiation time (h)

P25 10%TiO2/Ru
O2 O2

100%Ru 10%Ru/TiO2
O2 O2

(a)

0 2 4 6 8 24

0

5

10

15

20

25

P25 10%TiO2/Ru
CH4 CH4
CO CO

100%Ru 10%Ru/TiO2
CH4 CH4
CO CO

Irradiation time (h)

Co
nc

en
tr

at
io

n 
(�휇

m
ol

 g
−1

) 

(b)

Ra
te

 o
f C

H
4 e

vo
lu

tio
n 

(�휇
m

ol
 g

−1
 h

−1
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

90

10

Ti loading (mol%)

0

(c)

Figure 6: Evolution of (a) O2 and (b) CH4 and CO with time over P25 and the three Ru-containing catalysts and (c) rate of CO2 conversion
over each of the Ru-containing catalysts.

Table 2: Carbon balance from the artificial photosynthesis reaction
carried out over the 10%TiO2/Ru catalyst.

Before reaction
(mmol g-1)

Following reaction
(mmol g-1)

In the reactor 3.54 3.78

Adsorbed 0.65 ?

Products 0 0.03

Total 4.19 3.81
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and the factors affecting the attainment of adsorption-
desorption and reaction equilibria.

The formation and adsorption of nongaseous products,
e.g., CH3OH and CH2O, also need to be considered when try-
ing to establish a mass balance. The FTIR spectrum of the
10%TiO2/Ru catalyst following reaction shows alkyl, car-
bonyl, and C–O vibrations (Figure 7).

The most reactive catalyst within the series was
10%TiO2/Ru, converting approximately 1.2μmol of CO2 g

-

1 of catalyst h-1 (with an apparent quantum efficiency
(AQE) of ~0.07%), compared to conversions of 0.4 and
0.43μmol g-1 h-1 over the 100%Ru and 10%Ru/TiO2 cata-
lysts, respectively (Figure 6(c)).

This photocatalyst is robust, maintaining a product evolu-
tion rate of 1.2μmol of product g-1 h-1 for three reaction cycles
(Figure 8(a)). Moreover, the pXRD pattern (Figure 8(b)) and
the XPS spectra (Figure 8(c)) of the 10%TiO2/Ru catalyst also
remained unchanged after three reaction cycles, confirming
the stability of this photocatalyst.

The photocatalytic activity of metallic Ru nanoparticles is
surprising and may be ascribed to a number of factors.
Firstly, as reported by Kim et al., upon chemisorption onto
the surface of Ru nanoparticles, CO2 molecules experience
a pronounced narrowing in the energy gap between their
HOMO (5σ bonding) and LUMO (2π antibonding) levels.
They report a decrease from 8.5 eV (free CO2) to 2.4 eV
(Ru-bound CO2 species) [25]. The new energy gap of Ru–
CO2molecules falls within the visible region; hence, adsorbed
CO2 molecules can absorb the incident irradiation and this
can promote the dissociation reaction.

Secondly, the effect of localised surface plasmon reso-
nance (LSPR) must be considered. It is widely known that
“free electrons” on the surface of noble metals can absorb
light in the visible range to trigger a collective oscillatory
wave (plasmon) which gives rise to creation of hot electrons,
electron transfer, and catalytic activity [26]. Also, as reported
by Christopher et al., the photocatalysis observed is likely
due to polarisation of the Ru nanoparticles’ surface into
electron/hole-rich regions, ultimately generating “metallic
electrons and holes” [24].

Furthermore, the photocatalysis over pure Ru nanopar-
ticles may be partially attributed to thermal promotion,
since light absorption in the range of the LSPR band will
lead to a slight temperature rise within the nanoparticles
[27]. The combination of thermal and photoenergies to ini-
tiate catalytic processes of CO2 conversion is deemed bene-
ficial firstly by Thampi et al. [13] and recently by Kim et al.
[25]. In their case, heat was purposefully used alongside
light to carry out the hydrogenation of CO2 over Ru nano-
particles, yielding better overall catalytic performance when
both heat and light were used. Therefore, we conclude that
the generation of hot electrons from the metallic nanoparti-
cles, the reduced gap between the HOMO and LUMO levels
in the adsorbed CO2 molecules, and the photoinduced ther-
mal energy all work in tandem to promote the CO2 photo-
reduction [23–25, 28].

To our knowledge, this is the first example of Ru nano-
particles catalysing the AP reaction. Furthermore, the absor-
bance of light by the Ru particle generates plasmons (and

these plasmons yield the photocatalytic activity). This is
the first example of such plasmonic reactivity seen with
Ru catalysts.

Also, this result shows that anatase TiO2 has a role in the
photocatalytic process. Coupling Ru nanoparticles to anatase
TiO2 led to higher photocatalytic activity in the case of
10%TiO2/Ru, possibly owing to the combined effect of LSPR
on Ru nanoparticles and charge separation at the semicon-
ductor [26]. However, such improvements were not observed
over the 10%Ru/TiO2 catalyst (suggesting that there is an
optimum loading of Ti for this promotion). Moreover, the
activity improvement cannot be assigned to enhanced
absorption of visible light as all catalysts’ absorption of visible
light (Figure 5) is comparable.

The addition of TiO2 changes the reaction selectivity
(increasing the proportion of CO in the product mixture)
indicating that TiO2 plays a role in the catalysis. However,
it must be noted that TiO2 itself cannot be photoexcited
under these conditions. Given this, the reaction on TiO2
must involve the transfer of excitons generated on Ru to
TiO2 before they are used in the reaction. Plasmon-induced
photocatalysis in TiO2 has previously only been seen in
Au/TiO2 systems [26].

4. Conclusions

We have shown the preparation of ruthenium metal nano-
particles using a facile one-pot solvothermal method with-
out the use of templates or of structure-directing agents.
The materials formed are nanoparticles with a narrow size
distribution and relatively high surface areas and are capa-
ble of adsorbing and desorbing CO2 and H2O. The Ru par-
ticles absorb visible light and are active in the promotion of
the CO2+H2O reaction under this light via a plasmonic
excited state. Incorporation of Ti-containing precursors
into the preparation mixture (forming anatase TiO2 in
the final materials) changes the light absorption properties,
the photocatalytic activity, and CH4/CO selectivity of the
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Figure 7: FTIR spectrum of the 10%TiO2/Ru catalyst following the
AP reaction shown in Figure 6.
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catalysts. The effects of TiO2 appear to be derived from the
transfer of plasmon-induced excitons in the Ru to the
TiO2 material.
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Supplementary Materials

Figure SI 1: UV-visible emission spectrum of the Xe lamp
radiation (recorded inside the solar simulator). Figure SI 2:
(a, b, c) SEM images of 100%Ru, 10%TiO2/Ru, and
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10%Ru/TiO2, respectively. Figure SI 3: (a, b, c) Multipoint
BET plots for the 100%Ru, 10%TiO2/Ru, and 10%Ru/TiO2
catalysts, respectively. Figure SI 4: High-resolution XPS Ru
3d core-level spectra of the 100%Ru and 10%TiO2/Ru mate-
rials. (Supplementary Materials)
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Dye-sensitized solid-state solar cells (DSSCs) replacing the liquid electrolyte with a p-type semiconductor have been extensively
examined to solve the practical problems associated with wet-type solar cells. Here, we report the fabrication of a solid-state
solar cell using copper iodide (CuI) as the hole conductor and alkyl-functionalized carbazole dye (MK-2) as the sensitizer. A
DSSC sensitized with MK-2 showed a solar-to-electrical power conversion efficiency of 3.33% with a Voc of 496mV and a Jsc of
16.14mA cm-2 under AM 1.5 simulated sunlight. The long alkyl chains act as a barrier for charge recombination, and the strong
accepting and donating abilities of the cyanoacrylic and carbazole groups, respectively, enhance the absorption of light at a
longer wavelength, increasing the short-circuit current density. The efficiency recorded in this work is higher than similar
DSSCs based on other hole collectors.

1. Introduction

Since the mid-nineteen nineties, considerable attention has
been focused on dye-sensitized solid-state solar cells (DSSCs)
due to their attractive features over the wet-type solar cells.
Replacing the liquid electrolyte with a p-type hole conductor
eliminates liquid leakage and evaporation [1, 2]. However,
efficiency remained lower than the wet-type dye-sensitized
solar cells (DSCs) and many attempts have been made to
enhance the efficiency of DSSCs. The solid-state cell configu-
ration (n-type semiconductor/dye/p-type semiconductor)
has the potential of increasing the recombination rate, which
reduces efficiency [3, 4]. In order to achieve this, the charge
recombination reactions must be slower than the charge
injection into the conduction band of the semiconductor.
The recombination rate mainly depends on the nature of
the dye molecules and the morphology of the semiconductor

[5–7]. The metal-free organic dye with a donor-π spacer-
acceptor (D-π-A) configuration is an ideal system for sup-
pressing recombination [8–10]. In addition, metal-free
organic dyes are environmentally friendly, easily synthesized,
and modifiable to increase the molar absorption coefficient.
Recently, an organic dye named MK-2 with a D-π-A config-
uration has been synthesized and the DSSC application was
examined. MK-2 is an alkyl-functionalized carbazole dye,
where the carbazole donor group is linked to the acceptor
cyanoacrylic acid via an oligothiophene linkage (Figure 1).
The long alkyl chain is expected to increase the electron life-
time, facilitating a long distance for charge separation. It is
reported that the MK-2 dye has achieved efficiencies of
8.3% and 2.8%, respectively, for wet-type DSC and spiro-
OMeTAD-based solid-state versions [11–15]. However, the
MK-2 dye has not been used as a sensitizer with an inorganic
hole conductor, to the best of our knowledge. The present
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work describes a solid-state DSSC sensitized with MK-2,
using CuI as the hole collector.

TiO2 films required for DSSCs (i.e., largely free of pin-
hole contacts exposing the FTO surface) were deposited by
the procedure described in the Section 2, which is the sim-
plest and helps to create a mesoporous film of the TiO2
semiconductor.

2. Materials and Methods

2.1. Deposition of TiO2 Film on FTO Glass Plate. Titanium
tetraisopropoxide (5.0ml) was mixed with glacial acetic acid
(5.5ml), and 2-propanol (20.0ml) was added and mixed well.
Subsequently, distilled water (5.0ml) was added to the mix-
ture to hydrolyse isopropoxide during the process of stirring.
Subsequently, P25 Degussa TiO2 powder (0.65 g) was added
and the mixture was ground for 10 minutes. A small amount
of the resultant hydrolysed suspension was evenly spread on
preheated (200°C) FTO plates, solvents were allowed to evap-
orate, and the loosely bound TiO2 crust was blown away.
During high-temperature deposition, solvents tend to evapo-
rate spontaneously producing bubbles and creating a porous
structure within the film. This porous structure has a favour-
able effect in increasing the film surface area. Finally, films
are sintered at 500°C for 20 minutes and the procedure was
repeated to obtain a thickness of 15-17μm.

2.2. Dye Adsorption on TiO2 Film. The dye 2-cyano-3-
[5′′′-(9-ethyl-9H-carbazol-3-yl)-3′,3′′,3′′′,4-tetra-n-hexyl-
[2,2′,5′,2′′,5′′,2′′′]-quater thiophen-5-yl] acrylic acid (MK-2)
was used as the sensitizer. The TiO2 electrode, preheated at
80°C, was immersed either in a mixture of acetonitrile/tert-
butyl alcohol (1 : 1 volume ratio) or in toluene at a concen-
tration of 3 × 10−4M for 12 h. The adsorbed dye amount
was determined by spectrophotometry. Dye was desorbed
from the TiO2 surface using a triethylamine solution.

2.3. Deposition of CuI on Working Electrode. A saturated CuI
solution was prepared by dissolving CuI in acetonitrile. Fifty

milligrams of triethylamine thiocyanate (TAT) was added to
10ml of the saturated CuI solution. The dyed TiO2 plates
were kept at 80°C and CuI was deposited dropwise until the
surface was fully covered. The CuI-deposited working elec-
trode was sandwiched with the counter electrode to form
the cell. The active area of cells used to obtain I-V character-
istics was 0.25 cm2.

2.4. Characterization. The current-voltage characteristics
were recorded by using a solar simulator under AM 1.5 illu-
mination. The absorption spectra of the dye solution and the
dye-coated TiO2 films were measured using a UV spectro-
photometer (UV-1800, Shimadzu). The TiO2 photoanode
was characterized by using a powder X-ray diffractometer
(XRD) (D5000, Siemens) and a scanning electron micro-
scope (LS 15, EVO). To identify the effect of TAT, SEM
images were recorded for samples deposited with and with-
out TAT. Incident Photon-to-current Conversion Efficiency
(IPCE) was recorded for the best DSSCs which were shown
to have a higher photovoltaic efficiency using a photovoltaic
characterization machine (PVC300, Bentham).

3. Results and Discussion

The cyanoacrylic moiety of the MK-2 dye possesses a good
ability to anchor onto the TiO2 surface. The molecular struc-
ture of MK-2 is shown in Figure 1 [11]. The MK-2 dye is
adsorbed onto the semiconductor via a carboxylic group by
forming a strong covalent bond with the hydroxyl group on
the TiO2 surface [7, 11]. Figure 2 shows the SEM image of
TiO2 photoanode revealed nearly 96nm sized particles which
were deposited in a uniformmanner forming a highly porous
structure on the FTO glass substrate.

SEM micrographs show the surface morphology of CuI
deposited with and without TAT on a nanocrystalline TiO2
layer (Figure 3). It is clearly seen that CuI consists of large
crystals nearly 7-10μm in size which would form large vents
in the film interfering with the electron transport process.
The next SEM image reveals the effect of TAT on CuI. It
has been shown that TAT inhibits crystal growth.
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S CN

COOH

MK-2

Figure 1: Molecular structure of MK-2 dye.
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Figure 2: SEM micrograph shows the surface morphology of a
nanoporous TiO2 film.
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Two different solvents (i.e., acetonitrile/tert-butyl alcohol
(1 : 1 volume ratio) and toluene) are used to prepare the dye
solutions of MK-2 because the same solvents were used in
the previous study with spiro-OMeTAD. The absorption
spectra of the MK-2 dye dissolved in acetonitrile/tert-butyl
(1 : 1 v/v ratio) and in toluene are shown in Figure 4. The
spectra show that both dye solutions have a maximum
absorption range of 300 nm-550 nm at the visible region with
the maxima at 439nm and 484nm. The strong accepting and
donating abilities of the cyanoacrylic and carbazole moieties
are the causes for the larger given wavelength absorption
values. The values for the molar absorption coefficient (ε) at
λmax 439 nm and 484nm are 20,392M-1 cm-1 and
15,594M-1 cm-1, respectively. A clear distinction in the
absorption peaks in the two cases indicate a difference in
the aggregation blue shift in toluene due to J-aggregation
and the red shift in CAN due to H-aggregation. The higher
affinity of the hydrophobicmoiety to toluene seems to account
for the observed difference.

Figure 5 shows the current-voltage characteristics for the
MK-2 dye dissolved in acetonitrile/tert-butyl alcohol (1 : 1

volume ratio) and in toluene. The photovoltaic performances
of the DSSCs were measured under 100mWcm-2 AM 1.5
irradiation over an area of 0.25 cm2. The performances of
the cells are summarized in Table 1. As is observed, DSSCs
sensitized with the MK-2 dye and dissolved in acetonitrile/-
tert-butyl alcohol show the best performance with a 0.496V
open-circuit voltage, 16.14mAcm-2 current density, and
0.42 fill factor, with an overall efficiency of 3.33%. The MK-
2 dye has been used with the organic hole conductor
(spiro-OMeTAD) previously [15].

They have achieved 0.7V open-circuit voltage,
6.89mAcm-2 current density, and 0.58 fill factor, with an
overall efficiency of 2.8%. In terms of photovoltaic perfor-
mance, the MK-2 dye achieved the highest efficiency with
the CuI hole conductor compared to that of the spiro-
OMeTAD for DSSCs. The most significant difference can
be seen in current density. MK-2 with CuI showed the high-
est current density of 16.14mAcm-2, which is more than two
times larger than that of spiro-OMeTAD. It is supposed that

2 nm EHT + 10.00 kV
WD + 7.5 mm
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Mag = 5.00 KX

Date : 28 Feb 2018
Time :12:11:10 

(a)
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(b)

Figure 3: SEM micrographs of CuI deposited on the TiO2 surface with (a) and without (b) triethylamine thiocyanate (TAT).
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Figure 4: UV-visible absorption spectra of the MK-2 dye dissolved
in acetonitrile/tert-butyl (1 : 1 v/v ratio) and in toluene are indicated
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Figure 5: Red and blue lines correspond to the I-V characteristics of
the DSSCs with 15 μm thick TiO2 films dyed using 0.3mM of MK-2
in acetonitrile/t-butyl (1 : 1 v/v ratio) and 0.3mM of MK-2 in
toluene, respectively (active cell area 0.25 cm2 and measured under
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the MK-2 dye is able to generate suitable electronic commu-
nication with CuI. Also, the current density observed for
TiO2/MK-2/CuI is the highest value when compared with a
similar type of DSSC with D149 and it is the highest effi-
ciency level recorded for a DSSC so far [16, 17].

The UV-visible absorption levels of the MK-2 dye solu-
tion in acetonitrile/tert-butyl (1 : 1 v/v ratio) and the dye-
coated nanocrystalline TiO2 electrode are shown in
Figure 6. The dye-coated TiO2 anode also absorbs visible
light at the range from 350nm to 600nm. The UV-visible
spectrum of the MK-2 dye absorbed on the TiO2 electrode
shows a more remarkable broadening peak than the UV-
visible spectrum of the MK-2 dye solution. The MK-2 dye
absorbed on the TiO2 electrode has an absorption maxima
λmax at 480nm. A red shift in the peak, with respect to the
solution, is clearly noticeable. This could be due to the π-π
stacking interaction between MK-2 dye molecules and the
strong interaction between the anchoring group and the
TiO2 surface.

The action spectrum (IPCE vs wavelength) is shown in
Figure 7 for the film dyed using acetonitrile/tert-butyl alco-
hol. It reveals that the maximum IPCE of 55% is attained in
the wavelength range from 430nm to 545 nm.

4. Conclusion

In this work, we have fabricated a TiO2-based solid-state
solar cell with the alkyl-functionalized carbazole dye MK-2.
Acetonitrile/tert-butyl (1 : 1 v/v ratio) is found to be a

superior toluene as a solvent for dye deposition, giving a
higher efficiency. The efficiency obtained for our cell
TiO2/MK-2/CuI is higher than that of the cell TiO2/MK-
2/spiro-OMeTAD, implying that MK-2 adapts better to CuI
than spiro-OMeTAD. The higher efficiency obtained with
MK-2 could be attributed to this effect, as the dye is able to
establish strong electronic coupling with CuI. This naturally
originates from a difference in the nature of bonding of the
dye in two cases. Unfortunately, we could not elucidate the
details related to the bond formation via FTIR. This cell gives
an overall 3.33% efficiency with a Voc of 496mV, Jsc of
16.14mAcm-2, and FF of 0.42 under 100mWcm-2 AM 1.5
illumination. The present study suggests that the MK-2
structure can be further modified to suit solid-state cells,
especially those based on the hole collector CuI.
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Geometrical and electronic properties of the main photosynthetic pigments in higher plants such as chlorophylls and xanthophylls
were studied to find potential candidates that were able to participate in an eventual zeolite-dye artificial antenna. CRDFT
(chemical reactivity density functional theory) and TD-DFT (time-dependent DFT) methods were employed in ground-state
and excited-state calculations, respectively. The evaluated electronic properties at the gas phase included (a) energies such as
HOMO-LUMO band gap (H-L, ranging from 2.168 to 2.504 eV), adiabatic ionization potential (I, ranging from 5.964 to
7.207 eV), and adiabatic electronic affinity (A, ranging from 2.176 to 2.741 eV); (b) global chemical reactivity indexes such as
electronegativity (χ, ranging from 4.121 to 4.974 eV), hardness (η, ranging from 1.812 to 2.233 eV), electrophilicity index (ω,
ranging from 4.365 to 5.541 eV), and electroaccepting-electrodonating powers (ω+, ranging from 1.671 to 2.115 eV, and ω−,
ranging from 4.375 to 5.273 eV); (c) electron-hole reorganization energies (λ, ranging from 0.225 to 0.519 eV and ranging from
0.168 to 0.425 eV, respectively) and electron-hole extraction potentials (EEP, ranging from 2.570 to 2.966 eV, and HEP, ranging
from 5.538 to 7.012 eV, respectively); and (d) local chemical reactivity indexes like condensed Fukui functions (f k), condensed

dual descriptor (f 2 r ), and condensed local softness (sk). These electronic properties allowed the association between
molecules and reactivity-selectivity criteria, under the context of charge transfer and electronic transitions. Also, the
aforementioned electronic properties were determined for combinations made with the selected molecules (β-cryptoxanthin and
zeaxanthin) and 5 solvents (n-hexane, diethyl ether, acetone, ethanol, and methanol) with upward dielectric constants (ε). From
frequency calculations, IR spectra were obtained for combinations. Finally, excited-state computations were carried out to
acquire UV-Vis spectra of the combinations. We conclude that the selection of dyes is controlled mainly by geometrical
constraints rather than by electronic properties.

1. Introduction

Mankind dependence on fossil fuels has drastically increased
greenhouse gases in the earth’s atmosphere. Gases are
responsible for global warming, a major threat faced by
humanity. Ecosystem destruction, biodiversity loss, disease
proliferation, drought, and glacier melting are effects of this
threat. For mitigation of global warming, development of
alternative energy sources must be implemented [1].

These sources can avoid our dependence on fossil fuels to
deal with such a challenging threat. They should be abun-
dant, economic, ecofriendly, and ubiquitous. Sunlight com-
plies with these requirements, and it is abundant; sun
emissions toward the earth are ∼120PW. Harvesting sunlight
during the day would allow mankind to satisfy its energy
needs for more than 27 years [2].

Photosynthesis takes advantage of sunlight and may be
split into 2 steps: the first step is denominated light reactions,
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and the second one is termed carbon fixation reactions. Dur-
ing light reactions, light-harvesting complexes (LHCs) carry
out energy harvesting and transferring, and energy is directed
toward 2 reaction centers (photosystem I and photosystem
II), where chlorophyll a starts an electron transport chain.
In photosystem II, water is transformed into oxygen and pro-
tons, and electrons gotten from chlorophyll a and protons are
employed to synthesize NADPH2 and ATP, respectively.
Both compounds are utilized in the next step where atmo-
spheric carbon dioxide is fixed to synthetize carbohydrates
[3]. Photosynthetic pigments (chlorophylls and carotenoids)
present in LHCs lodge in protein matrices where they harvest
and transfer energy with efficiencies fluctuating between 95%
and 99% [3].

Chlorophylls and carotenoids possess a chromophore;
the former have a porphyrin coplanar conjugated ring while
the latter have a central coplanar conjugated hydrocarbo-
nated chain. Both chromophores have a delocalized π elec-
tron system that is responsible for electronic transitions and
electron transfer. Carotenoids usually exhibit an intense
absorption band, typically in the 400–500nm range. This
electronic transition is from the ground state (S0) to the sec-
ond excited singlet state (S2), instead of heading to the first
excited singlet state (S1), since the transition from S0 to S1
is forbidden because of the symmetry of the carotenoid mol-
ecule. With both the S2 and S1 states having exceptionally
short lifetimes, it is perhaps surprising that carotenoids are
able to carry out energy transfer to chlorophylls before they
decay releasing heat. Yet, in many cases, carotenoids are effi-
cient antenna pigments, because the energy transfer process
is even faster than the deactivation rate [4, 5].

In higher plants, the dyes involved in harvesting and
transferring energy are chlorophylls a and b as well as xan-
thophylls: β-cryptoxanthin, lutein, zeaxanthin, violaxanthin,
and neoxanthin. Xanthophylls’ aforesaid most abundant
isomers are usually trans (being 9-cis-violaxanthin an excep-
tion) [6]. Another important isomer is 9′-cis-neoxanthin
whose location in spinach’s photosystem II LHCs has been
elucidated by X-ray techniques; they have demonstrated that
this isomer may transfer energy exclusively to chlorophyll b
[7], and experimental evidence supports this assertion [8, 9].

Artificial photosynthesis inspires itself in natural photo-
synthesis; the objective of the former is designing systems
to convert sunlight into other useful kinds of energy (e.g.,
electricity), intending to mitigate the global warming threat.
Systems include (1) molecules that harvest and transfer
sunlight into a reaction center; (2) a reaction center; (3) a
complex that transforms water into electrons, protons, and
oxygen; and (4) a reducing agent to produce fuels [10].

Luminescent solar concentrators (LSCs) possess host
systems that harbor molecules inside zeolite. Lynde Type
“L” is a robust zeolite system; it is a microporous material
with an empirical formula (M+)9[(AlO2)9(SiO2)27]9·(16-
21)H2O. Zeolite crystals contain many nanometric channels
aligned following a parallel ordering among them. These
nanochannels are unidimensional, and their pore diameter
is 7.1Å. A channel is a succession of unit cells, and the unit
cell length is 7.5Å. In the inner channels, synthetic molecules
can harvest and transfer energy to a reaction center via the

FRET (Förster resonance energy transfer) mechanism. Zeo-
lite morphology enables the inclusion of a great number of
molecules. For example, a 30 × 30 nm crystal contains ~240
nanochannels that may host ~4800 molecules if each mole-
cule occupies 2-unit cells. Besides, molecular confinement
orientates electronic transition dipole moments (ETDM)
parallel to the channel, which is a feature that increases FRET
efficiency [11].

Before evaluating the theoretical FRET efficiency of an
artificial antenna (during subsequent computations not pre-
sented in this work), there must be a selection of the pig-
ments that will be employed later, which is one of the
aims of the present work. Previously, chemical reactivity
indexes derived from conceptual CRDFT have been used,
as well as energies (H-L, I, and A), to correlate them with
the theoretical efficiency of a dye-sensitized solar cell which
uses these kinds of dyes [12] and to assess theoretically
carotenoids as potential candidates for a solar energy-
harvesting device [13]. The general objective of the current
research is to find photosynthetic pigments capable of partic-
ipating in a zeolite-dye system. Employing natural molecules
offers advantages as they are abundant, cheap, ecofriendly,
and ubiquitous.

2. Computational Details

Calculations were done in the Gaussian 09 software suite [14]
using DFT [15] in ground-state computations and TD-DFT
[16] for excited states. DFT is a robust level of theory to study
molecules in their ground state, while TD-DFT is a widely
used methodology to compute excited states, including those
related to carotenoids and sensitizers for solar cells [13, 17].

Methyl chlorophyllides did not include their phytyl tail
during calculations because this tail is employed exclusively
to anchor the molecule to its hydrophobic environment and
does not participate either in electronic transitions or in elec-
tron transfer [18].

Initial molecular structures were downloaded from the
ChemSpider website (http://www.chemspider.com/) and
were drawn with ChemDraw Ultra v.12.0 software [19].
The trivial name, abbreviation, and ChemSpider ID of the
assessed dyes were methyl chlorophyllide a/CHLA/388735,
methyl chlorophyllide b/CHLB/34999392, all-trans-β-cryp-
toxanthin/BCRY/4444647, all-trans-zeaxanthin/ZEA/4444
421, all-trans-lutein/LUT/4444655, 9-cis-violaxanthin/VIO/
4445401, all-trans-neoxanthin/NEO/4444659, and 9′-cis-
neoxanthin/9NEO/4445400.

Regardless of the good performance of B3LYP hybrid
functional in assessing a variety of properties such as
molecular adsorption in cluster models of zeolite [20] or
geometry and electronic properties of carotenoids [13],
other hybrid functionals such as B3P86 should be tested.
This functional has been less reported in literature, particu-
larly in evaluating geometry and electronic properties of
photosynthetic pigments. Comparing its performance with
respect to B3LYP might contribute to the theoretical study
of photosynthetic dyes.

Methodology may be split into 2 steps. In the first step,
calculations carried out during pigment screening were in
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the gas phase; the B3P86 hybrid functional (Becke contrib-
utes with 3 parameters of electron exchange and Perdew con-
tributes with a nonlocal correlation functional created in
1986) [21, 22] was utilized in geometry, frequency, and
energy computations. The 6-31G(d) Pople basis set [23]
was employed as the starting point for geometry and fre-
quency calculations; ground-state energies were calculated
using a more robust 6-31+G(d,p) basis set. From energies,
H-L, adiabatic I, and adiabatic A were obtained, and with
these values, global and local chemical reactivity indexes were
evaluated [24]. The molar volume was computed by adding
the keyword “volume” to the geometry optimization. Each
pigment received a punctuation based on the contribution
of their properties to electronic transitions and electron
transfer. Statistical tests were conducted to assess dye and
property scores, data normality and variance equality were
evaluated, and subsequently, one-way Kruskal-Wallis and
ANOVA tests were carried out to detect differences
(p < 0 05) among dye and property scores, respectively. Fish-
er’s LSD multiple-comparison test was performed to find
which property’s means were different among them; NCSS
2006 software was used to carry out the statistical tests [25].

In the second step, the selected molecules (BCRY and
ZEA) were combined with different solvents (Hex=n-hex-
ane (ε = 1 8819), Et2O=diethyl ether (ε = 4 2400), Ace = ace-
tone (ε = 20 9430), EtOH=ethanol (ε = 24 8520), and
MeOH=methanol (ε = 32 6130)). The combinations were
evaluated with CAM-B3LYP hybrid functional [26] and with
an even more robust 6-311+G(d,p) basis set [27] to perform
geometry, frequency, and energy computations in ground
and excited states. CAM-B3LYP is a long-range-corrected
functional; it has been used to assess electronic coupling
between 11Bu

+ carotenoid electronic states and chlorophyll
Soret band states in photosystem II’s LHCs of higher plants
[28]. Also, it has succeeded in studying the electronic excita-
tions in VIO and ZEA [29], and geometry and electronic
property calculations with this functional have not been per-
formed yet for the full set of photosynthetic dyes within
higher plants. IR spectra were derived from frequency results
while λ, EEP, andHEPwere obtained from adiabatic energies
during step 1 and step 2. PCM (polarizable continuum solva-
tion model) was employed in the present work because of its
2 main characteristics, namely, the use of a molecular cavity
following the real geometry of the investigated system and
the use of a surface charge distribution to represent the polar-
ization of the environment [30]. Finally, 10 excited states
were computed using the Tamm-Dancoff approximation,
and UV-Vis spectra were obtained from the electronic tran-
sition from S0 to S2.

3. Results and Discussion

3.1. Molecular Geometry. All molecular structures are dis-
played in Figures 1(a) and 1(b) while the molecular size of
photosynthetic pigments is shown in Table 1. Regardless of
the quantum nature of matter, when the inclusion of a mol-
ecule within a host system is simulated computationally, it
is essential to know if the molecular size will allow the mole-
cule to fit into the host system’s cavities.

After the geometry optimization of our molecules, the
maximum molecular length along the x, y, and z Cartesian
axes was measured (Supplementary Materials, Tables 1–8).
The molecular size of our set of dyes had not been reported
before in the literature. Beginning with this information,
other theoretical researchers will be able to choose among
our molecules and the available host systems, to carry out
simulations different from those reported in this work.
Molecular size contributes to the geometry characterization
of a molecule, similarly to bond distances, bond angles, and
dihedral angles. In fact, molecular size is the synthesis of
these last three parameters.

Recently, we performed a calculation, where the geome-
try of ZEA was optimized inside the zeolite in the gas phase
(since the present work deals exclusively with computations
carried out outside the zeolite, calculations performed inside
the zeolite are going to be presented in a subsequent article).
The result was the strong electric fields of the zeolite distort-
ing the molecular geometry, but thanks to the measurement
of the molecular size, we knew that y maximum length
decreased from 6.4 to 5.4Å, z maximum length increased
from 5.8 to 6.0Å, and x maximum length increased from
31.4 to 31.8Å, once compared with their counterparts (out-
side the zeolite in the gas phase). Certainly, zeolite confine-
ment will never allow molecules to undergo a distortion
beyond the zeolite pore diameter (7.1Å).

The y maximum and z maximum lengths decide ulti-
mately if the pigment will fit into the zeolite cavity. In this
regard, it is obvious from Table 1 that only BCRY and ZEA
fulfill this requisite (<7.1Å). In the case of x maximum
length, there are 2 issues that must be pointed out. Firstly,
dye length allows the molecule to remain parallel to the
nanochannel without the inconvenience of the molecule’s
free rotation because of short length (<7.1Å). Secondly, the
more parallel the orientation of the pigment along the x
-axis, the higher the FRET efficiency, because the ETDM is
also parallel to the x-axis [11]. In the case of methyl chloro-
phyllides, their x maximum lengths are ~12Å, so these pig-
ments would occupy about 1.6 zeolite’s unit cells;
meanwhile, xanthophylls with ~30Å would fill about 4 zeo-
lite’s unit cells.

Additional observations from Table 1 may be that BCRY-
B3P86-GP (gas phase) has a smaller y maximum length than
BCRY/CAM-B3LYP/GP with a difference of 0.3Å between
them. Something similar happens with ZEA-B3P86-GP
where y and z maximum lengths are smaller than those of
ZEA/CAM-B3LYP/GP by 0.2 and 0.3Å, respectively. In the
case of ZEA combinations, one can observe how ZEA-Ace
and ZEA-MeOH with identical x, y, and z maximum lengths
have very similar molar volumes (796.9 and 796.5Å3, respec-
tively). Consistently, ZEA-EtOH has the smallest z maxi-
mum length among ZEA combinations (5.8Å) and also the
lowest molar volume (707.6Å3). Molar volume is just a sup-
plementary datum which does not determine if a molecule
fits into a zeolite nanochannel as molecular size does.

3.2. Molecular Properties. Before discussing this section, it is
convenient to take into accountmolecular property suitability
(MPS), which was based on their contribution to electronic
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Figure 1: (a) Structures for (A) methyl chlorophyllide a, (B) methyl chlorophyllide b, (C) all-trans-β-cryptoxanthin, and (D) all-trans-lutein.
(b) Structures for (E) all-trans-zeaxanthin, (F) all-trans-neoxanthin, (G) 9′-cis-neoxanthin, and (H) 9-cis-violaxanthin.
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transitions and electron transfer. Equations to calculate these
properties are available in Supplementary Materials.

Table 2 displays energy values and chemical reactivity
indexes for the tested pigments. Starting with H-L, it is
defined as the energy needed to enable an electron from the
HOMO (S0 for carotenoids) to undertake an electronic tran-
sition to the LUMO (S2 for carotenoids) [4, 31]. Given that
visible sunlight ranging from 400 to 700 nm constitutes ca.
39% of spectral solar irradiance [32], H-L of a light-
harvesting molecule should fall within ~1.7-3.1 eV. Within
the latter range, the value of this property should be as low
as possible, because either a 400nm photon or a 700nm pho-
ton would promote the necessary electronic transition to
start FRET, from a donor molecule to an acceptor molecule.
It should be noted thatH-L gaps predicted by the majority of
density functional approximations are underestimated due to
the self-interaction error and not containing the information
provided by the discontinuities with respect to the number of
electrons of the derivatives of the exchange-correlation
energy. The molecule with the lowest H-L is BCRY
(2.168 eV) which works at 572 nm whereas the pigment with
the highest H-L is CHLB (2.504 eV) which works at 495nm.
Then, MPS followed the next order: BCRY > ZEA > LUT >
NEO > VIO > 9NEO > CHLA > CHLB. Experimental H-L
for ZEA in Hex is 2.60 eV [33], which is underestimated by
0.43 eV by our study. TheH-L provided by generalized gradi-
ent approximations (GGAs) and hybrid functionals is
smaller than the experimental one, a good H-L average for

carotenoids is about 2.400 eV [34], and all theoretical
carotenoids’ H-Ls are below the latter value. Regarding chlo-
rophylls’ H-Ls, it should be reminded that due to configura-
tion interactions among the 4 Gouterman π molecular
orbitals, it is not correct to state that electronic transitions
reflect a simple promotion of an electron from HOMO to
LUMO. For instance, experimental excitation energies of
Qy ,Qx, andB bands for CHLA are 1.88, 2.16, and 2.90 eV,
respectively [35]. Our results estimated that H-L (2.374) is
found between Qx andB bands.

By definition, I is the needed energy to extract an electron
from a neutral molecule in order to form a cation. A high
value of this property is closely related to the stiffness of the
electronic cloud. In terms of reactivity, the cloud is more
reluctant to participate in electron transfer. Consequently,
the lower the ionization potential value, the higher the
molecular potential to serve as an electron donor. The mole-
cule with the lower I was NEO (5.964 eV), and the highest
value was held by CHLB (7.207 eV). MPS is ordered in the
following way: NEO > BCRY > ZEA > 9NEO > LUT >
VIO > CHLA > CHLB.

With respect to A, it is well known that it deals with the
energy released when a neutral molecule accepts an electron
to form an anion. Soft electronic clouds are more prone to
accept an electron, becoming into an attractive choice for
being suitable acceptors. The higher the electronic affinity
value, the higher the molecular potential for representing
a good charge acceptor. The molecule with the highest A
was CHLB (2.741 eV), and the molecule with the lowest
value was 9NEO (2.176 eV). MPS is ordered in the follow-
ing way: CHLB > CHLA > ZEA > LUT > BCRY > NEO >
VIO > 9NEO.

Regarding χ, it is defined as the capacity of a molecule to
attract electrons [36]. This property is closely related to elec-
tronic affinity and ionization potential. As it happens with
electronic affinity, the higher the value, the higher its suit-
ability to act as a charge acceptor. The molecule with the
highest value is CHLB (4.974 eV), and the lowest value is
held by 9NEO (4.121 eV). MPS is ordered in the following
way: CHLB > CHLA > VIO > LUT > ZEA > BCRY >
NEO > 9NEO.

η is interpreted as the resistance of an electronic cloud to
involve itself in electron transfer [37]. The lower its value, the
better its performance both to accept and to transfer charge
successfully. The pigment with the lowest value was NEO
(1.812 eV), and the dye with the highest value was CHLB
(2.233 eV). MPS is ordered in the following way: NEO >
BCRY-ZEA > 9NEO > LUT > VIO > CHLA > CHLB.

In connection with ω, it measures the ability of a mole-
cule for getting saturated with electrons in maximum flux
conditions [38]. Despite the fact that some authors have pre-
viously suggested that its value should be as low as possible,
in order to improve the performance of theoretically assessed
solar cells and artificial devices [12, 13], our work and results
suggest that desirable values for this property must be as high
as possible, since it is conceived by its originators like a kind
of power, and appropriate power values are usually needed
to be as high as possible. Besides, in preliminary calculations
ω of one of the most used synthetic dyes inside zeolite

Table 1: Molecular size of pigments under study.

Molecule or
combination

xmaximum
length (Å)

y maximum
length (Å)

z maximum
length (Å)

Molar
volume
(Å3)

CHLA 12.2 15.3 8.6 780.9

CHLB 12.3 15.5 8.7 660.1

BCRY1 30.8 6.1 5.0 786.7

BCRY2 30.7 6.1 5.3 898.1

ZEA1 31.3 6.4 5.8 750.8

ZEA2 31.3 6.6 6.1 848.3

LUT 29.9 7.3 6.1 964.2

VIO 27.4 9.6 6.4 870.5

NEO 28.4 7.2 6.7 734.6

9NEO 24.3 10.2 6.7 847.1

BCRY-Hex 30.7 6.1 5.2 866.8

BCRY-Et2O 30.7 6.1 5.2 798.8

BCRY-Ace 30.7 6.1 5.2 907.9

BCRY-EtOH 30.7 6.1 5.2 783.2

BCRY-
MeOH

30.7 6.1 5.2 827.0

ZEA-Hex 31.3 6.6 6.0 877.5

ZEA-Et2O 31.3 6.6 6.0 805.9

ZEA-Ace 31.3 6.5 6.0 796.9

ZEA-EtOH 31.4 6.6 5.8 707.6

ZEA-MeOH 31.3 6.5 6.0 796.5

The utilized functionals were 1B3P86 and 2CAM-B3LYP.
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(pyronine molecule) [11] and found a very high value of
12.139 eV. CHLB had the maximum value (5.541 eV) while
9NEO (4.365 eV) presented the lowest one. MPS is ordered
in the following way: CHLB > CHLA > ZEA > NEO >
LUT > BCRY > VIO > 9NEO.

Focusing on ω− and ω+, they are related to the molecular
ability of donating and accepting charge, respectively. The
former is desirable to be as low as possible, whereas the latter
is recommendable to be as high as possible [39]. 9NEO has
the lowest ω− (4.375 eV) while CHLB (5.273 eV) has the
highest one. MPS is ordered in the following way: 9NEO >
NEO > BCRY > ZEA > LUT > VIO > CHLA > CHLB. On
the other hand, CHLB had the highest ω+ (2.115 eV) while
9NEO has the lowest one (1.671). MPS is ordered in the fol-
lowing way: CHLB > CHLA > ZEA > LUT >NEO > BCRY >
VIO > 9NEO. From values of both indexes, it can be inferred

that pigments under study are better donors than acceptors.
MPS of ω and ω+ is almost identical because both properties
measure the molecule’s ability to act as a good acceptor. In
the case of ω−, it does not present just the converse order of
its counterpart, since VIO and NEO are exceptions, showing
the need of calculating this property.

Regarding local chemical reactivity indexes, f k and
f 2 r showed no correlation between them at the time of
detecting the atoms more prone to nucleophilic and electro-
philic attacks. Regardless of the fact that both indexes were
different, one would expect some agreement when they are
compared. Parameter sk showed little difference among the
sets of evaluated molecules, even between chlorophylls and
xanthophylls, to make clear that this local index should
not decide which pigments would have better electronic
properties. The difference between the highest value and

Table 2: Associated energies and chemical reactivity indexes (EP (electronic properties)) for the tested pigments at the gas phase (highest
values are shown for local reactivity indexes).

Electronic property CHLB CHLA LUT NEO ZEA BCRY VIO 9NEO

H-L (eV) 2.504 2.374 2.216 2.237 2.170 2.168 2.296 2.306

I (eV) 7.207 6.880 6.108 5.964 6.036 5.994 6.210 6.066

A (eV) 2.741 2.519 2.347 2.340 2.366 2.323 2.299 2.176

χ (eV) 4.974 4.700 4.228 4.152 4.201 4.159 4.255 4.121

μ (eV) -4.974 -4.700 -4.228 -4.152 -4.201 -4.159 -4.255 -4.121

ɳ (eV) 2.233 2.181 1.880 1.812 1.835 1.835 1.956 1.945

S (eV) 0.448 0.459 0.532 0.552 0.545 0.545 0.511 0.514

ω (eV) 5.541 5.064 4.753 4.757 4.809 4.712 4.627 4.365

ω− (eV) 5.273 4.986 4.480 4.397 4.450 4.406 4.513 4.375

ω + (eV) 2.115 1.938 1.813 1.811 1.831 1.796 1.770 1.671

Δω± (eV) 7.388 6.924 6.293 6.208 6.281 6.202 6.283 6.046

f k
+ 0.069 0.073 0.055 0.054 0.053 0.053 0.057 0.056

Atom C(23) C(23) C(11) C(7′) C(11′) C(11′) C(11′) C(7)

f k
− 0.059 0.062 0.054 0.054 0.050 0.050 0.056 0.055

Atom C(23) C(23) C(7) C(7′) C(7′) C(7′) C(7′) C(16)

f k
0 0.064 0.067 0.054 0.054 0.050 0.050 0.055 0.055

Atom C(23) C(23) C(7) C(7′) C(7′) C(7) C(11′) C(7)

f 2 r + 0.042 0.037 0.008 0.007 0.007 0.009 0.006 0.007

Atom C(10) C(10) C(15′) C(12′) C(15′) C(15′) C(15) C(7′)
f 2 r − -0.034 -0.032 -0.014 -0.005 -0.006 -0.007 -0.004 -0.006

Atom C(9) C(9) C(13′) C(14) C(10′) C(10′) C(10′) C(6)

sk
+ (eV) 0.031 0.033 0.029 0.030 0.029 0.029 0.029 0.029

Atom C(23) C(23) C(11) C(7′) C(11′) C(11′) C(11′) C(7)

sk
− (eV) 0.027 0.028 0.029 0.030 0.027 0.027 0.029 0.028

Atom C(23) C(23) C(7) C(7′) C(7′) C(7′) C(7′) C(16)

sk
0 (eV) 0.029 0.031 0.029 0.030 0.027 0.027 0.028 0.028

Atom C(23) C(23) C(7) C(7′) C(7′) C(7) C(11′) C(7)

λe (eV) 0.225 0.226 0.337 0.519 0.335 0.327 0.349 0.395

EEP (eV) 2.966 2.745 2.684 2.859 2.701 2.650 2.648 2.570

λh (eV) 0.195 0.168 0.325 0.425 0.332 0.333 0.295 0.324

HEP (eV) 7.012 6.712 5.783 5.538 5.705 5.661 5.915 5.742
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the lowest value for an atom prone to nucleophilic, electro-
philic, and radical attack was barely 0.004, 0.002, and
0.004 eV, respectively.

Finally, λ should be as low as possible in order to avoid
wasting solar energy instead of taking advantage of it during
the energy transferring process. CHLB had the lowest λe
(0.225 eV) while NEO had the highest one (0.519). MPS is
ordered in the following way: CHLB > CHLA > BCRY >
ZEA > LUT > VIO > 9NEO > NEO. CHLA had the lowest
λh (0.168 eV) while NEO (0.425 eV) had the highest one.
MPS is ordered in the following way: CHLA > CHLB >
VIO > 9NEO > LUT > ZEA > BCRY > NEO.

Values of Table 2 were used to assign points to each pig-
ment based on MPS, in order to find out which punctuation
was received in each case. Equation (1) was employed when
the most suitable value of the property is the lowest to opti-
mize electronic transition and/or electron transfer processes.

P = 1 −
A − B
B

∗ 100, 1

where “P” stands for the points obtained by the evaluated
molecule, “A”means the property’s value assigned for a given
molecule, and “B” is the lowest value among tested molecules.

Equation (2) was employed when the most suitable value
of the property is the highest to optimize electronic transition
and/or electron transfer processes.

P =
A
B

∗ 100, 2

where “P” denotes the points obtained by the evaluated mol-
ecule, “A” stands for the property’s value assigned for a given
molecule, and “B” is the highest value among tested mole-
cules. An exception is coplanarity (CP) where “B” is not the
highest value among tested molecules, but the ideal value
(180°). The final scores are displayed in Table 3.

We consider that this punctuation scheme may consti-
tute the basis which motivates other researchers to extend
our work by means of more sophisticated mathematical
models (such as quantitative structure activity relationships).
It must be highlighted that our study has built a 184-data-
information matrix (23 properties multiplied by 8 dyes) that
will remain available as an initial database. Furthermore, as it
will be demonstrated by this research paper following the
upcoming discussion, the dyes which will be included in zeo-
lite in future simulations will be chosen due to geometrical
constraints instead of their electronic properties.

Talking about comparison among dyes, data were not
normal, but they fulfilled variance-equality requirement, so
the Kruskal-Wallis test was performed. This test threw a
probability level of 0.536, and consequently, there was no dif-
ference among dye scores. From a biochemical standpoint,
chlorophylls a and b have an identical ring chemical compo-
sition. That is, an a priori conclusion of our findings should
not be drawn before a set of theoretical calculations. In the
case of xanthophylls, the previous argument is also valid with
the consideration that xanthophyll central chains are not

necessarily identical with respect to their chemical composi-
tion. As a partial and careful conclusion, our results suggest
that any dye would have the same performance inside zeolite
based on their computed properties. Our highest coefficient
of variation was held by CHLB (9.7%) which is low enough
(say <15.0%) to state that data dispersion of each dye
behaved essentially in a homogeneous fashion.

On the other side, since normality and variance-equality
assumptions of properties were accomplished, a one-way
ANOVA was carried out in order to find the contribution
of each property to the score. The probability level was
0.023, and differences among properties were found; these
differences were assessed with Fisher’s LSD multiple-
comparison test. Again, the coefficients of variation exhibited
an acceptable dispersion, with hardness becoming the mole-
cule with the highest value (9.7%). Then, EEP, η, and sk

+ did
not show a difference with respect to the rest of the proper-
ties, so their weight is similar to their counterparts. In a sec-
ond category, we had the following properties: χ, A, ω, ω+,
andHEP. The contribution of these properties to the pigment
score was considered less relevant than those we will intro-
duce next. Properties which made the main contribution to
score include H-L, ω−, I, CP, sk

−, and sk0. Surprisingly, the
last 2 properties had a significant contribution to score
despite the scarce difference between their highest and lowest
values. The first 4 properties were the ones which made the
greater contribution to score, and their weight was the same.
In connection with H-L, as it was stated in an aforemen-
tioned discussion, it is crucial that the dye harvests both
low-energy photons and high-energy photons in order to
also maximize its energy transfer ability. ω− in comparison
with ω+ showed a better capacity to complement the ω
values, indicating the importance of a good donor molecule
in energy transfer. As we previously say, low I attributes pig-
ment a softer electronic cloud more prone to participate in
energy transfer processes. Finally, it is well known that at
least 1 coplanar structure must be present in a molecule, to
take advantage of its delocalized π electron system, in order
to carry out energy transfer in a successful way.

The weight of properties (independent variables) was
made giving the same weight to each property, and this
method is not by far the most adequate one. Nevertheless,
we expect to calculate FRET efficiency (the dependent vari-
able) in our subsequent work to correlate it with properties,
at least for the 2 selected molecules in the selected solvent.
Finally, regardless of the electronic properties and due to
geometry constraints, from now on, BCRY and ZEA will be
the dyes which will be tested to find the most suitable solvent.

Table 4 shows how the selected properties behave when
the dielectric constant ε increases from Hex to MeOH. It is
noteworthy that properties change more rapidly from Hex
to Ace and then more slightly from Ace to MeOH. For exam-
ple, BCRY I decreased 5.83% from Hex to Et2O, 3.80% from
Et2O to Ace, 0.17% from Ace to EtOH, and 0.21% from
EtOH to MeOH. This behavior showed that MeOH would
be the solvent with the highest potential to enhance proper-
ties. Also, Ace might be considered like a second option
because the increase in property suitability started slowing
down slightly once polarity increased from Ace to MeOH.
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There were 3 notable exceptions for the behavior described
before. f 2 r + and f 2 r − conducted themselves in an
erratic fashion, while ω− increased instead of decreasing
and HEP decreased instead of increasing.

ZEA-Hex experimental H-L (2.600 eV) was overesti-
mated by 178% (4.632 eV) when CAM-B3LYP was
employed. However, it is well known that long-range-
corrected functionals overestimate H-L [40]. Regardless of
this overestimation, these functionals are capable of helping
with the calculations of other properties in the ground state.
So, the accepted H-L values for our study are given by those
calculated with B3P86 at the gas phase.

Generally in our work, the transition from a gas phase to
a condensed phase leads to uniformity improvement of local
reactivity indexes. f k

+ showed a very uniform detection of the
atom most prone to suffer a nucleophilic attack, since it was
C(15′) in all BCRY and ZEA combinations. It was also the
case for f 2 r + in the first 4 combinations of BCRY, show-
ing an excellent agreement with f k

+. Index f k
− indicated that

the atom more prone to suffer an electrophilic attack was
C(15) in the last 3 combinations of BCRY and ZEA, while
f 2 r − located that atom at C(15′) in all ZEA combinations.
Eventually, f k

0 exhibited that, like f k
−, the atom most prone

to suffer a radical attack was also C(15) in the last 4 combina-
tions of BCRY and ZEA. Notably, condensed Fukui functions

and condensed dual descriptor were in good agreement in a
condensed phase.

The Marcus equation for electron transfer is a relation
between the rate of outer-sphere electron transfer and the
thermodynamics of this process. Essentially, the rate con-
stant within the encounter complex (or the rate constant of
intramolecular transfer) is given by the Eyring equation [41]:

kET =
κETkT
h

exp
ΔG‡

RT
, 3

where k is the Boltzmann constant, h is the Planck constant,
R is the gas constant, and κET is the so-called electronic trans-
mission factor (κET ~ 1 for adiabatic and <<1 for diabatic
electron transfer). Through the pioneering seminal papers
of Marcus Arthur Rudolph [42, 43], it is well established that
the barrier height for outer-sphere electron transfer can be
expressed as

ΔG‡ =
λ + ΔET G

0 2

4λ
, 4

where ΔET G
0 is the standard Gibbs energy change accompa-

nying the electron-transfer reaction and λ is the total reorga-
nization energy [44].

Table 3: Points obtained by each molecule according to the suitability of its electronic properties (EP).

EP CHLB CHLA LUT NEO ZEA BCRY VIO 9NEO x S3 CV4

H-L1 84.5 90.5 97.8 96.8 99.9 100.0 94.1 93.6 94.7a 5.2 5.5%

ω−1 79.5 86.0 97.6 99.5 98.3 99.3 96.8 100.0 94.6a 7.6 8.0%

I1 79.2 84.6 97.6 100.0 98.8 99.5 95.9 98.3 94.2a 7.9 8.3%

CP 98.7 98.7 99.8 77.5 99.7 99.8 94.0 83.3 93.9a 8.7 9.3%

sk
−2 90.0 93.3 96.7 100.0 90.0 90.0 96.7 93.3 93.8ab 3.8 4.0%

sk
02 93.5 100.0 93.5 96.8 87.1 87.1 90.3 90.3 92.3abc 4.5 4.9%

EEP2 100.0 92.5 90.5 96.4 91.1 89.3 89.3 86.6 92.0 4.3 4.7%

η1 76.8 79.6 96.2 100.0 98.7 98.7 92.1 92.7 91.9 8.9 9.7%

sk
+2 93.9 100.0 87.9 90.9 87.9 87.9 87.9 87.9 90.5 4.4 4.9%

χ2 100.0 94.5 85.0 83.5 84.5 83.6 85.5 82.9 87.4d 6.3 7.2%

A2 100.0 91.9 85.6 85.4 86.3 84.8 83.9 79.4 87.2de 6.2 7.1%

ω2 100.0 91.4 85.8 85.9 86.8 85.0 83.5 78.8 87.1def 6.3 7.2%

ω+2 100.0 91.6 85.7 85.6 86.6 84.9 83.7 79.0 87.1defg 6.2 7.2%

HEP2 100.0 95.7 82.5 79.0 81.4 80.7 84.4 81.9 85.7defgh 7.7 9.0%

x 92.6 92.2 91.6 91.2 91.2 90.8 89.9 87.7

S 9.0 5.8 6.0 8.2 6.5 7.1 5.1 7.1

CV 9.7% 6.3% 6.6% 9.0% 7.1% 7.8% 5.7% 8.1%

C 0.0 -5.0 -5.2 -11.5 -24.2 -54.2

B 0.0 -5.6 -13.9 -18.9 -19.1 -25.4 -38.1 -68.1

A 1296.1 1290.5 1282.2 1277.2 1277.0 1270.7 1258.0 1228.0

D 100.0% 99.6% 98.9% 98.5% 98.5% 98.0% 97.1% 94.7%

E 0.0% -0.4% -0.4% -0.9% -1.9% -4.2%
1The lowest value is the most suitable; 2the highest value is the most suitable. A = dye total score; B = point difference between dyes and CHLB; C = point
difference between xanthophylls and LUT; D = percentage difference between dyes and CHLB; E = percentage difference between xanthophylls and LUT.
Different letters in rows show statistical difference among property means (p < 0 05). 3Standard deviation; 4coefficient of variation.
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Hole reorganization energies for 6 pigments (containing
ruthenium) that are used to sensitize solar cells were reported
in the literature: 0.788 < 0.854 < 0.870 < 0.950 < 0.953 <
0.955 eV [45]. These values were obtained with an ab initio
level of theory and acetonitrile as solvent. Our reorganization
energies for electrons and holes were even smaller, which will
be translated into an improved energy transfer, because most
harvested energies by a donor will be used in electronic tran-
sitions and only a small part will be wasted in reorganization
processes. Besides, more energy will be available to be trans-
ferred. All of it would increase the global efficiency of an
artificial antenna. We strongly believe that the matrix shown
in Table 4 (230 data, 23 properties multiplied by 10

combinations) will encourage other researchers to take
advantage of it, in order to keep on expanding the knowledge
frontier, in terms of the photosynthetic dye’s performance as
molecules isolated from their protein matrixes.

Considering that the dye’s UV-Vis absorption spectra
have a vibronic nature, a testing had to be performed in
order to compare theoretical and experimental IR spectra.
Figures 2–6 display experimental and theoretical IR spectra,
and Figure 2 depicts BCRY experimental IR spectra; there
are 3 main bands of minimal transmittance (%): the first
band is located within 950-1050 cm-1, the second one lies
within 1350-1450 cm-1, and the last one appears about
2900 cm-1. The first band corresponds to the strong C-O

Table 4: Electronic properties of BCRY and ZEA in GP, Hex, Et2O, Ace, EtOH, and MeOH (highest values of local reactivity indexes
are given).

EP
BCRY
GP

BCRY
Hex

BCRY
Et2O

BCRY
Ace

BCRY
EtOH

BCRY
MeOH

ZEA
GP

ZEA
Hex

ZEA
Et2O

ZEA
Ace

ZEA
EtOH

ZEA
MeOH

H-L (eV) 4.633 4.629 4.625 4.621 4.620 4.620 4.635 4.632 4.628 4.624 4.624 4.623

I (eV) 5.775 5.279 4.971 4.782 4.774 4.764 5.812 5.304 4.987 4.792 4.783 4.773

A (eV) 1.550 2.077 2.456 2.733 2.747 2.762 1.591 2.105 2.474 2.744 2.757 2.773

χ (eV) 3.662 3.678 3.713 3.757 3.760 3.763 3.701 3.704 3.730 3.768 3.770 3.773

μ (eV) -3.662 -3.678 -3.713 -3.757 -3.760 -3.763 -3.701 -3.704 -3.730 -3.768 -3.770 -3.773

ɳ (eV) 2.112 1.601 1.257 1.025 1.014 1.001 2.110 1.600 1.256 1.024 1.013 1.000

S (eV) 0.473 0.625 0.795 0.976 0.987 0.999 0.473 0.625 0.796 0.977 0.987 1.000

ω (eV) 3.175 4.224 5.484 6.888 6.975 7.072 3.246 4.289 5.539 6.933 7.015 7.115

ω− (eV) 3.921 3.895 3.914 3.954 3.956 3.959 3.961 3.922 3.931 3.964 3.967 3.969

ω+ (eV) 1.196 1.608 1.976 2.283 2.300 2.318 1.226 1.631 1.992 2.295 2.310 2.328

Δω± (eV) 5.118 5.503 5.889 6.237 6.256 6.277 5.187 5.553 5.923 6.259 6.277 6.298

f k
+ 0.064 0.068 0.075 0.081 0.081 0.081 0.064 0.067 0.074 0.080 0.081 0.081

Atom C(11) C(15′) C(15′) C(15′) C(15′) C(15′) C(11) C(15′) C(15′) C(15′) C(15′) C(15′)
f k

− 0.060 0.063 0.066 0.071 0.072 0.072 0.060 0.063 0.065 0.071 0.071 0.071

Atom C(11′) C(11′) C(15) C(15) C(15) C(15) C(11′) C(11′) C(11′) C(15) C(15) C(15)

f k
0 0.062 0.064 0.070 0.076 0.076 0.076 0.062 0.064 0.069 0.075 0.076 0.076

Atom C(11) C(11′) C(15) C(15) C(15) C(15) C(11) C(11′) C(15) C(15) C(15) C(15)

f 2 r + 0.011 0.011 0.012 0.012 0.012 0.006 0.005 0.005 0.004 0.004 0.004 0.019

Atom C(15′) C(15′) C(15′) C(15′) C(15′) C(14′) C(10′) C(10′) C(10′) C(14′) C(14′) C(20′)
f 2 r − -0.008 -0.007 -0.006 -0.006 -0.006 -0.012 -0.009 -0.009 -0.009 -0.010 -0.010 -0.010

Atom C(10′) C(10′) C(10′) C(14′) C(14′) C(15′) C(15′) C(15′) C(15′) C(15′) C(15′) C(15′)
sk

+ (eV) 0.026 0.042 0.059 0.079 0.080 0.081 0.026 0.042 0.059 0.078 0.080 0.081

Atom C(11) C(15′) C(15′) C(15′) C(15′) C(15′) C(11) C(15′) C(15′) C(15′) C(15′) C(15′)
sk

− (eV) 0.025 0.039 0.052 0.070 0.071 0.072 0.025 0.039 0.052 0.069 0.070 0.071

Atom C(11′) C(11′) C(15) C(15) C(15) C(15) C(11′) C(11′) C(11′) C(15) C(15) C(15)

sk
0 (eV) 0.025 0.040 0.055 0.074 0.075 0.076 0.025 0.040 0.055 0.074 0.075 0.076

Atom C(11) C(11′) C(15) C(15) C(15) C(15) C(11) C(11′) C(15) C(15) C(15) C(15)

λe (eV) 0.655 0.619 0.592 0.573 0.572 0.570 0.663 0.624 0.595 0.575 0.575 0.574

EEP (eV) 2.205 2.696 3.048 3.306 3.319 3.332 2.254 2.729 3.070 3.319 3.332 3.347

λh (eV) 0.674 0.629 0.595 0.570 0.569 0.567 0.669 0.623 0.590 0.566 0.566 0.564

HEP (eV) 5.101 4.649 4.375 4.212 4.205 4.197 5.142 4.681 4.397 4.225 4.218 4.209
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stretching vibrational mode which is usually reported within
970-1250 cm-1. The second band corresponds to the medium
CH2 and CH3 deformation bending vibrational mode which
is usually reported within 1350-1470 cm-1, and the third
band corresponds to the strong CH, CH2, and CH3 stretch-
ing vibrational mode whose energy falls within 2850-
3000 cm-1 [46].

In Figure 3, the BCRY theoretical IR spectrum also pre-
sents the 3 bands of its counterpart, but differs from the for-
mer in intensity. In the experimental spectrum, the band

height is at an approximate transmittance of 5, 45, and 15%
whereas in our spectrum this height is about 30, 70, and
0%. So, our theoretical spectrum describes frequencies well,
but the intensities of the first 2 bands are underestimated,
while the last band intensity is slightly overestimated.

Figures 4 and 5 exhibit 2 experimental ZEA IR spectra; in
Figure 4, there are 4 main bands of minimal transmittance
(%): the first band is located at 909 cm-1, the second one at
1464 cm-1, the third one at 2852 cm-1, and the last one at
3452 cm-1. The first band corresponds to the strong =C-H
bending vibrational mode which is usually reported within
880-995 cm-1, the second band corresponds to the medium
CH2 and CH3 deformation bending vibrational mode which
is usually reported within 1350-1470 cm-1, the third band
corresponds to the strong CH, CH2, and CH3 stretching
vibrational mode which is usually reported within 2850-
3000 cm-1, and the last band corresponds to the strong broad
O-H (H-bonded) stretching vibrational mode which is usu-
ally reported within 3200-3550 cm-1 [46].

In Figure 5, there are 4 main bands of minimal transmit-
tance (%): the first band (double-banded) is located about
1000 cm-1, the second one (also double-banded) at
~1400 cm-1, the third one around 2900 cm-1, and the last
one about 3400 cm-1. The first band corresponds to the
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Figure 2: Experimental IR spectra of natural BCRY (at the upper part) and a synthetized BCRY (at the lower part). From 2 to 12μ in
chloroform and from 12 to 15 μ in carbon disulfide (solutions approximately at 1%, KBr cell plate spacing of 1mm). Reproduced with the
authorization of John Wiley and Sons Publisher [47].
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strong C-O stretching vibrational mode which is usually
reported within 970-1250 cm-1. The second band corre-
sponds to the medium CH2 and CH3 deformation bending
vibrational mode which is usually reported within 1350-
1470 cm-1. The third band corresponds to the strong CH,
CH2, and CH3 stretching vibrational mode which is usu-
ally reported within 2850-3000 cm-1. The last band corre-
sponds to the strong broad O-H (H-bonded) stretching

vibrational mode which is usually reported within 3200-
3550 cm-1 [46].

In Figure 6, the ZEA theoretical IR spectrum also shows
the 4 bands of their counterparts, but differs from them in
intensity. In the theoretical spectrum, the band height is at
an approximate transmittance of 35, 75, 0, and 80% (despite
the fact that this fourth band does not appear in Figure 6, its
energy is 3857 cm-1). The first experimental spectrum
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intensity is at a transmittance of 66, 62, 12, and 62%, while in
the second experimental spectrum, intensity is at an approx-
imate transmittance of 0, 40, 8, and 40%. Frequencies are
generally described well; in the case of the fourth band, the
PCM solvation model describes the solvent like a continuous
surface charge instead of including explicit solvent molecules.
The variable O-H (no hydrogen-bonded) normal vibrational
mode lies within 3580-3650 cm-1 [46]. Our results indicate
that the theoretical value is still about 207nm further away.
The main experimental bands’ intensities are sometimes
overestimated and other times underestimated. Finally, it
is worth mentioning that the shapes of the theoretical
spectrum’s main bands resemble very well those found in
the second experimental spectrum.

Focusing on Table 5, we can see that the main electronic
transition of ZEA-Hex occurs at 2.532 eV (say, S0-S2/0-0
transition). The experimental reference is 2.600 eV, so that
our calculation underestimated just 2.6% of the experimental
value. This constitutes an indication that the electronic tran-
sition is essentially from HOMO to LUMO. The main elec-
tronic transition of ZEA-Ace is undertaken at 2.570 eV, and
it can be inferred from its absorption spectrum [33]. Our
study underestimated only 1.3% of this latter experimental
value and also corresponds to an inherent electronic transi-
tion from HOMO to LUMO.

H-L electronic transitions are able to be compared with
the lowest energy band of each experimental absorption
spectrum (to say, 0-0 transition), since this band possesses
the longest wavelength. From Table 5, we established the fol-
lowing order of combinations in accordance with the com-
parison against experiment, as long as experimental data
were available in the literature: ZEA-Ace < ZEA-Hex-ZEA-
EtOH < ZEA-MeOH-BCRY-Hex < BCRY-Ace < BCRY-
EtOH. Moreover, the reasonable agreement between the the-
ory and experiment also demonstrates that the vibrational
contribution has been added successfully to the dye’s vibro-
nic spectra. ZEA was better described like an acceptor mole-
cule by our methodology. As we will see in Figure 6 later on,

BCRY-MeOH HOMO (-5.861 eV) has a higher energy than
ZEA-MeOH HOMO (-5.873 eV) and ZEA-MeOH LUMO
(-1.684 eV) has a lower energy than BCRY-MeOH LUMO
(-1.674 eV). This behavior facilitates us to forecast that BCRY
may be the donor molecule and ZEA the acceptor one in the
future computational simulations.

As a finishing point of our discussion, Figure 7 exhibits
the results from the analysis made with Chemissian software
[50] in order to represent molecular orbitals of BCRY and
ZEA using different solvents. Both molecules present the
highest energy HOMO with the use of n-hexane as solvent,
whereas methanol yields the lowest energy LUMO.H-L band
gaps have similar values for both molecules as indicated in
the figure. Despite n-hexane’s performance at the time of
augmenting the HOMO energy, methanol was our best
option during the evaluation of dye properties’ suitability
(with a few exceptions).

4. Conclusions

This work reveals that the only higher plant’s photosyn-
thetic dyes that fit well into zeolite’s nanochannels are
BCRY and ZEA. Pigment’s suitability to undergo both elec-
tronic transitions and electron transfer has the ordering at
GP: CHLB > CHLA > LUT > NEO > ZEA > BCRY > VIO
> 9NEO. Molecular properties’ suitability improved as the
dielectric constant of the solvent raised, and this effect
allowed us to draw the conclusion that methanol was the
best choice among the tested solvents to be employed in
zeolite’s future theoretical work. Furthermore, combina-
tions’ reorganization energies were low enough to forecast
satisfactory energy transfer. BCRY’s and ZEA’s theoretical
IR spectra described well the frequencies of the main bands
(being O-H an exception), but they described poorly the
intensity of these main bands. In any case, both theoretical
IR spectra and experimental IR spectra matched good
enough to expect a reasonable vibrational contribution
to carotenoids’ absorption spectra. The combinations’
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Figure 6: Theoretical ZEA-MeOH IR spectrum.
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theoretical absorption spectra were in reasonable agreement
with experimental S0-S2 electronic transitions, confirming
the spectral vibrational contribution to these transitions.
In light of our findings, we believe that there were two
major implications. Firstly, data generated during the cur-
rent study will allow both us and others to keep on
researching different theoretical issues related to the field

of artificial photosynthesis. Secondly, the theoretical meth-
odology and results obtained throughout this computa-
tional effort constitute a suitable option in order to
continue studying in depth both the geometrical and
molecular properties of such natural dyes of extreme
biochemical importance, particularly as molecules isolated
from their higher plant lodging.

Table 5: Three or 4 main electronic transitions of the selected pigments and comparisons versus experimental values (only electronic
transitions with oscillator strengths f > 0 010 are shown).

Combination Electronic transition λ (nm) Energy (eV) f
Experimental values

λ (nm)1 [50]
Δ|EXP-THE|

2 (nm)

BCRY-Hex

1 490.0 2.530 4.767 (427), 452, 478 12

2 265.8 4.664 0.467

3 287.1 4.319 0.155

BCRY-Et2O

1 488.8 2.537 4.785

2 265.3 4.673 0.455

3 287.2 4.317 0.154

BCRY-Ace

1 489.2 2.534 4.785 (427), 450, 475 14

2 265.3 4.674 0.444

3 287.6 4.311 0.161

4 242.5 5.113 0.109

BCRY-EtOH

1 489.3 2.534 4.784 (428), 449, 473 16

2 265.3 4.673 0.443

3 287.7 4.310 0.162

4 242.5 5.113 0.111

BCRY-MeOH

1 487.4 2.544 4.803

2 264.8 4.682 0.441

3 287.4 4.314 0.153

4 242.5 5.114 0.111

ZEA-Hex

1 489.7 2.532 4.774 (424), 450, 478 11

2 265.8 4.665 0.474

3 286.2 4.333 0.145

ZEA-EtOH

1 488.5 2.538 4.791

2 265.3 4.674 0.464

3 286.3 4.331 0.144

ZEA-Ace

1 488.9 2.536 4.790 (428), 454, 481 8

2 265.2 4.675 0.454

3 286.7 4.325 0.150

4 242.3 5.118 0.114

ZEA-EtOH

1 489.0 2.535 4.789 (428), 450, 478 11

2 265.2 4.675 0.453

3 286.7 4.324 0.151

4 242.3 5.118 0.114

ZEA-MeOH

1 487.1 2.545 4.809 (429), 449, 475 12

2 264.7 4.684 0.452

3 286.5 4.328 0.143

4 242.3 5.118 0.114
1The values between parentheses correspond to the shoulder (the 0-2 transition), those in the italic font to the 0-1 transition, and those in the bold font to the 0-0
transition. All of them belong to the dye fine structure’s absorption spectra. 2Absolute difference between experimental and theoretical values (note that values
have been rounded out similar to the experimental ones).
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Additional data including Cartesian coordinates for each
molecular structure, concept, and equation for energy calcu-
lations. Table 1: CHLA Cartesian coordinates. Table 2: CHLB
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Graphite with a single atomic layer known as graphene shows great capability in energy conversion and storage devices.
Dye-sensitized solar cells (DSSCs) have attracted intense interests due to offering high photo-to-electric conversion efficiencies.
DSSCs are built from a photoelectrode (a dye-sensitized nanocrystalline semiconductor), an electrolyte with redox couples, and
a counterelectrode. In this review article, we outline the strategies to enhance the efficiency and reduce the cost by introducing
graphene into the DSSCs as the photoelectrode. First, the development of DSSCs and the properties of graphene are briefly
described. Then, the applications of graphene-based materials for photoelectrodes (transparent electrode, semiconductor layer,
and dye sensitizer) in DSSCs are deeply discussed. Finally, an outlook for graphene materials in DSSCs is provided.

1. Introduction

Finding an alternative option of energy has become today’s
essential need, with depleting conventional resources of
energy, such as fossil fuels. Solar energy, as the largest single
available source of clean energy, has the potential to overcome
this problem. Solar cells provide an efficient method to con-
vert solar energy into electricity [1]. The first-generation solar
cells are made of ultrapure silicon metal. However, the pro-
duction of ultrapure Si requires high energy, leading to the
cost of electricity produced by this technologywhich is several
times higher than that produced from fossil fuels [2]. One of
the alternatives for the Si solar cells is dye-sensitized solar cell
(DSSC), because of their relatively high photo-to-electric con-
version efficiencies, low production cost, and environmental
benignity [3, 4]. DSSC basically consists of three components,
including photoelectrode, electrolyte, and counterelectrode.
O’Regan and Grätzel established the state-of-the-art DSSCs:
a dye-sensitized nanocrystalline TiO2 film as photoelectrode,
I3
-/I- redox ?couple as electrolyte, and Pt as counterelectrode

[5, 6]. Applications of new materials have been explored to
enhance the efficiency and reduce the basic cost of DSSCs.

1.1. Dye-Sensitized Solar Cells (DSSCs). DSSCs are also
known as Grätzel solar cells, honoring their invention and
the pioneering work. Figure 1 shows a schematic representa-
tion of a DSSC, including a photoelectrode, a photosensitizer,
an electrolyte, and a counterelectrode [7]. A DSSC has three
important steps through which it converts sunlight into
electrical energy: when sunlight falls on a dye, it starts the
photoexcitations and makes electrons to move to the semi-
conductor’s conduction band. Dye molecules are oxidized
back by electrons given by electrolyte through redox reaction
and finally travel through the external load electrons to com-
plete the circuit. A number of reviews and book chapters on
DSSCs have been published in the literature [8–11]. The elec-
trochemistry, physics, materials science, and technology
behind DSSCs have been extensively reviewed therein by
leading professionals working in this field. In this review arti-
cle, we are going to review the latest developments of gra-
phene photoelectrode materials.

1.1.1. The Function of Photoelectrode and Its Requirements.
The photoelectrode is a mesoporous oxide layer composed
of nanometer-sized particles with a monolayer of dye
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attached to the surface, which is responsible for light absorp-
tion. It is an important component in DSSC, as it converts
photons into electrical energy [12, 13]. It can strongly influ-
ence the photovoltage, the fill factor, and the photon-to-
current conversion efficiency (IPCE). The process can be
described as follows: when exposed to sunlight, the electrons
of the dye are first excited from the highest occupied molec-
ular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) [14]. Then they are transferred to the semi-
conductor’s conduction band and passed from the semicon-
ductor network, being accumulated at the transparent
conducting oxide. An electrolyte solution which typically
consists of an iodide/triiodide redox couple donates elec-
trons to regenerate the oxidized dye. At last, the electrons
transport to the counterelectrode through the external cir-
cuit and reduce the triiodide ions back to the iodide to com-
plete the process. A good photoelectrode is supposed to
provide good electron injection, good electron collection,
and good usage of light. Many different materials have been
explored as photoelectrode in DSSCs. Among them, tita-
nium dioxide (TiO2) powder is most abundantly used
because of the low recombination rate for the hole-electron
pair and great absorption property [15]. Moreover, ZnO
which has a very high electron movability has also gathered
so much attention to be employed as photoelectrode mate-
rials in DSSCs [16–36].

1.2. Graphene. Graphene, one of the allotropes of abundantly
available carbon, has emerged as one of the most promising
materials for applications in solar cells. It was first discovered
in 2004 by Novoselov et al. [37] and awarded with a Nobel
prize in 2010 [38–40]. Graphene is a 1-atom-thick transpar-
ent layer of sp2-hybridized carbon atoms packed into a 2D
nanostructure (Figure 2) [39]. The related structures include
fullerene, carbon nanotubes, and graphite (Figure 2). Gra-
phene possesses high carrier mobility, low sheet resistance,
and high optical transparency, which would constitute its
excellent candidate as an electrode material [37]. Another
unique property graphene has is that it can repair holes in
the sheet by itself when it is exposed to the molecules con-
taining carbon atoms [41]. Carbon atoms align themselves

in a hexagonal lattice perfectly. Pristine graphene has no
bandgap; therefore, it acts as a semimetal [42]. Currently
available methods aiming for pristine graphene include
mechanical exfoliation [43] and liquid exfoliation. However,
both of them have low production. Scientists are exploring
new chemical and physical ways to create an artificial band-
gap in graphene, which is one of the requirements for the fab-
rication of electronic devices. Zero-bandgap graphene can be
transformed into a wide-bandgap semiconductor through
hydrogenation via sp3 C–H bond formation [44].

Because graphene is an atom-thick layer [45], it is a per-
fect nanoscale material and, therefore, has great potential in a
very wide range of applications in the field of nanotechnol-
ogy, including nanoelectronics, nanooptics, display devices,
LEDs, computer data storage, energy, membranes, nanofil-
ters for water purification, sensors, nanomedicine, stem cells,
and energy conversion devices [46–50], such as DSSCs [51–
56]. Graphene possesses a lamellar structure and high con-
ductivity, which can help to improve the conductivity and
increase the photovoltaic efficiency of DSSCs (5.98%) when
introduced to MoS2 [57]. Graphite paper is another form of
graphene. It is very lightweight and has a flexible structure
which is good for mass production and for use in DSSCs
[58]. Reduced graphene oxide (rGO) is an intermediate stage
of graphene oxide and graphene, and it has various types
of oxygen-containing functional groups, like −OH, =O,
and −COOH, and lattice surface defects which generate
the electrocatalytic site in metal nanoparticles. This is
why rGO showed much better performance than the fully
reduced defect-free graphene [59]. Graphene nanoplatelets
(GNP) have been explored as counterelectrodes because of
their higher active sites, such as edge defects and oxide
groups [60].

1.2.1. Preparation of 2D Graphene. In order to reach a high
mass production capability and understand the process
which involves a solution or thin film basis, numerous efforts
have been developed to synthesize graphene and its deriva-
tives. These processes are usually differentiated in two cate-
gories: the bottom-up and top-down approaches. Graphene
materials can be directly synthesized from the carbon sources
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Figure 1: Scheme diagram of dye-sensitized solar cells [7].
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in a bottom-up approach. For example, chemical vapor depo-
sition (CVD) is a generally bottom-up process used to develop
large-area, single, and few-layer graphene sheets onmetal sub-
strates [61–64]. Another example is the plasma-enhanced
CVD (PECVD). The difference between PECVD and CVD is
that this method can develop one-layer graphene in large
quantity at a lower deposition temperature and in a shorter
reaction time. Besides, single-layer and few-layer graphene
films can also be obtained via the graphitization of carbon-
containing substrates, such as SiC, through high-
temperature annealing [65, 66]. In addition to these solid-
phase deposition methods, wet chemical reaction of ethanol
and sodium followed by pyrolysis is another method to syn-
thesis graphene [67], or graphene-like polyaromatic hydro-
carbons through organic synthesis [68, 69]. Figure 3(a)
shows the electrical characteristics of the as-prepared trans-
parent carbon films via a new bottom-up chemical approach
involving the thermal reaction of synthetic nanographene
molecules of giant polycyclic aromatic hydrocarbons which
are cross-linked with each other and further fused into larger
graphene sheets (Figure 3(b)). A small decrease in the film
conductivity was observed as the film thickness decreased.
The structure of the graphene film, as shown in Figure 3(c),
consisted of ordered, tightly packed graphene layers. As illus-
trated in Figures 3(d) and 3(e), graphene film shows an ultra-
smooth surface compared with the relatively rough surface
and chemical instability of ITO [68].

Compared with the bottom-up approaches, the top-
down approaches show great potentials, such as high yield,
liquid-based processability, and less complicated execution.
Intercalation, chemical functionalization, sonication of bulk
graphite, and electrochemical exfoliation of graphite have
been demonstrated as top-down approaches [70]. However,
there are some drawbacks of top-down methods, such as
low yield of single-layer production [71], expensive interca-
lates [72], and residual surfactant-induced low conductivity.

Therefore, the reduction of highly oxidized graphene oxide
(GO) sheets from the exfoliated graphite oxide has been
developed as an alternative approach [73]. The reaction of
graphite with a mixture of potassium permanganate (KM
nO4) and concentrated sulfuric acid (H2SO4) is usually
referred to as Hummers’ method. Graphite oxide can be
obtained by this method [74, 75]. The surfaces of exfoliated
GO sheets are thus highly oxidized and featured with the
residual epoxides, hydroxides, and carboxylic acid groups
[76, 77]. Till date, rGO sheets can be obtained by various
types of reduction methods, such as chemical reagent reduc-
tion [78–86], photochemical reduction [87–90], microwave-
assisted reduction [91], thermal reduction [92–98], photo-
thermal reduction [99, 100], and electrochemical reduction
[101–103]. Many reduction agents were employed in the
chemical reduction process, such as hydrazine [104], strong
alkaline media [83], vitamin C or ascorbic acid [105], bovine
serum albumin (BSA) [85], bacterial respiration [106], and
hydriodic acid [107]. Hydriodic acid is used to change the
hydrazine reduction from the reaction of making rGO thin
films due to its low toxicity. Although rGO has more
charge-transfer resistance than pure graphene because of
defects and the presence of residual oxygenated groups, the
tenability in electronic and optoelectronic properties via
chemical reactions [108] and the feasibility for composite
incorporation [109] can be provided by the reactive surfaces.

1.2.2. Preparation of 3D Graphene. There are various require-
ments according to different applications to satisfy them;
three-dimensional (3D) graphene with various morphol-
ogies, structures, and properties was designed and synthe-
sized via numerous methods.

There are various strategies used, but self-assembly is one
of the most common for bottom-up nanotechnology. Gra-
phene naturally becomes a versatile nanoscale building block
for self-assembly to achieve hierarchical microstructures and
novel functionalities due to its unique structure and proper-
ties [110]. One very common example for producing 3D gra-
phene structures is through the gelation process of GO
dispersion followed by reduction to convert GO to rGO
[111]. The lyophilized GO dispersion shows a 3D network
composed of GO sheets, as shown by its SEM images
(Figure 4). GO sheets can be nicely distributed in water-
based solvent because of the force balance between the van
der Waals attractions from the basal planes of GO sheets
and the electrostatic repulsions from the functional groups
of GO sheets. Once this force balance is broken, gelation of
GO dispersion occurs. During the gelation process to form
a 3D design of GO hydrogels, GO sheets overlap each other
a little bit. 3D rGO networks are obtained after further
reduction of the GO hydrogels. Many methods have been
employed to initiate the gelation of GO dispersion, for exam-
ple, addition of cross-linkers [112], change in the pH value of
the GO dispersion [112], or ultrasonication of the GO disper-
sion [113]. In the meantime, so many other materials have
also been explored as cross-linkers for the self-assembly of
GO sheets, such as DNA [114], metal ions [115–117], poly-
mers [118], and organic molecules [119]. In addition to the
gelation process of a GO dispersion, other methods such as

Figure 2: Graphene (top) and related structure: fullerene (bottom
left), carbon nanotubes (bottom center), and graphite (bottom
right) [39].
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freeze-drying [120], tape casting [121], controlled filtration
[122], centrifugation of GO dispersions [123], electrochemi-
cal deposition [124], and sol-gel reaction [125, 126] have also
been employed to obtain 3D graphene materials.

Another method that can prepare 3D graphene is called
the template-assisted method. The advantage of this method
is that it can obtain 3D graphene with much more controlled
morphologies and properties because of the use of prede-
signed 3D templates, such as CVD methods [127–129]. For
example, 3D graphene networks were successfully synthe-
sized by using commercially available Ni foam as both tem-
plate and catalyst [127]. The synthesis of graphene foam
and its integration with polymers are illustrated in Figure 5.
The authors chose nickel foam, a porous structure with an
interconnected 3D scaffold of nickel, as a template for the
growth of graphene foam. Then, carbon was introduced into
a nickel foam by decomposing CH4 at 1000

°C under ambient
pressure, and graphene films were then precipitated on the
surface of the nickel foam. Besides the Ni foam mentioned
before, anodic aluminum oxide [130], MgO [131], nickel-
coated pyrolyzed photoresist film [132, 133], metal nano-
structures [134, 135], and metallic salts [136] have also been
used as templates to synthesize 3D graphene.

In addition, the direct deposition of 3D graphene
architectures by plasma-enhanced CVD (PECVD) methods
[137–139] is a straightforward strategy, in which Au and

stainless steel have been employed. 3D graphene was formed
since the graphene sheets were vertically grown on the sub-
strate and connected with each other. As a result, the mate-
rials obtained by this method firmly adhered to the substrate.

2. Graphene Photoelectrode Applications

The photoelectrode of a DSSC is usually made from transpar-
ent conducting glass or plastic substrate on which a dye-
sensitized TiO2 layer is coated. It is important to increase
the loading of dye molecules, enlarge the interface area of
the dye/electrolyte, and improve the conductivity of electrons
at the semiconductor layer to compete with charge recombi-
nation. Graphene possesses excellent properties like high
transparency, good thermal stability, high room temperature
carrier mobility, and low impedance level, which have
attracted great attention [140]. Recently, in photoelectrodes
graphene material also has been explored as transparent con-
ductors, as electron promoter in the semiconductor layer,
and as additive in dye sensitizers.

2.1. Transparent Electrode. Indium tin oxide (ITO) material
has high conductivity and very high transmittance in the vis-
ible spectrum, and that is why it is used as transparent elec-
trode much widely. But the problem with the ITO material
is that it is brittle and unstable at high temperature. So that
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Figure 3: (a) Sheet resistance (solid curves with half error bars in the plus direction) and corresponding average conductivity (short dashed
curves) of the transparent graphene films (TGFs) as a function of the film thickness, with the plot in the log-log scale. Black and blue curves
denote the TGFs produced on quartz and SiO2/Si, respectively. (b) Illustration of the mechanism of the intermolecular condensation of
nanographene 1 into graphitic networks. (c) A representative HRTEM image of a TGF (scale bar: 5 nm). (d) and (e) AFM height images
(2 × 2 μm2) of 4 and 30 nm thick TGF surfaces, respectively (color scale: black to bright yellow, 10 nm). Each image is accompanied with a
cross-sectional plot which has the same vertical scale [68].
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Figure 4: SEM images of lyophilized GO solution and three typical GO hydrogels: (a) GO solution, (b) GO/PVP hydrogel with 1mgmL−1

PVP, (c) GO/PDDA hydrogel with 0.1mgmL−1 PDDA, and (d) GO/Ca2+ hydrogel with 9mM Ca2+. CGO = 5mgmL−1, and scale bar = 10
μm [111].
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Figure 5: Synthesis of a GF and integration with PDMS. (a) A nickel (Ni) foam. (b) CVD growth of graphene films (Ni–G) using Ni foam as a
3D scaffold template. (c) An as-grown graphene film after coating a thin PMMA supporting layer (Ni–G-PMMA). (d) A GF coated with
PMMA (GF-PMMA) after etching the nickel foam with hot HCl (or FeCl3/HCl) solution. (e) A free-standing GF after dissolving the
PMMA layer with acetone. (f) A GF/PDMS composite after infiltration of PDMS into a GF. All the scale bars are 500 μm [127].
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is why graphene has been coming out as an alternative mate-
rial which has a low cost and has better properties than the
ITO material without any limitations [141].

Wang et al. were the first ones to make a transparent and
conductive graphene electrode in 2008 for DSSCs [142]. The
graphene films were fabricated via the exfoliation of graphite
oxide and thermal reduction of the resultant platelets. As the
transparent electrode, solid-state DSSCs based on spiro-
OMeTAD and porous TiO2 were fabricated as shown in
Figure 6. The work function of graphene is lower than that
of the counter gold electrode, therefore qualifying for appli-
cation as the transparent anode in the DSSCs as indicated
in Figure 6(a). An efficiency of 0.26% was obtained when a
graphene film with a Rs of 1.8 kΩ/sq and transmittance of
72% (550 nm) was used as anode electrode. The low effi-
ciency of DSSC was claimed to be due to the low quality of
the graphene film [142]. Furthermore, few-layer graphene
films on SiO2 substrates were prepared by Huang et al. by
using ambient pressure chemical vapor deposition. The pre-
pared graphene films achieved a power conversion efficiency
of 4.25% which is not so much different from those FTO
counterelectrodes [143].

2.2. Semiconducting Layer. To increase the performance of
the DSSC nowadays, graphene has been added to the semi-
conductor which improves the charge collection [144–146].
The work function of graphene, which is about -4.4 eV, is
between the conduction band of TiO2 and the work function
of ITO. This benefits in suppressing the charge recombina-
tion by fast collection of the electrons at the anode [147].
On the other hand, visible light irradiation can excite the
valence electrons from graphene into the TiO2 conductive
band at the graphene/TiO2 interface based on a theoretical
study [148], which results in separated electron-hole pairs.
In addition, the conductive percolation threshold of the gra-
phene/TiO2 layer is only at 1 vol% of the graphene loading
[149]. However, transmittance of the composite film
decreases with increasing the graphene content; hence, to
have a maximum efficiency, the optimal value needs to be
obtained [149, 150]. Besides the enhanced conductivity, the
large surface area of graphene improves the loading and dis-
persion of the dye molecules. Graphene processes a theoreti-
cal surface area of 2630m2 g-1, which shows great potential as
an ideal support material with enhanced interfacial contact
even when used in small amounts [151]. It is reported that
graphene surfaces can bind with dye molecules, such as por-
phyrin. Then, the photocurrent will be generated when
photoirradiation undergoes energy and electron transfer
[152]. Moreover, the light scattering at the photoanode can
also be enhanced by forming a graphene/TiO2 composite
porous network [149]. Consequently, by using graphene/-
TiO2 as the photoanode, efficiency was increased by 39%
higher than using commercial P25 TiO2 which is 4-7% [149].

There are so many ways through which graphene has
been incorporated into the semiconductor film. Kim et al.
reported the UV-assisted photocatalytic reduction of gra-
phene oxide/TiO2 nanoparticles. In the gap of FTO and
nanocrystalline TiO2, the prepared graphene/TiO2 was
applied as an interfacial layer [153]. Because of the lower

roughness of graphene-TiO2, it provided much better adhe-
sion than did the normal interfacial layer between FTO and
TiO2. The solar cell showed a PCE of 5.26%, which is higher
than that without a blocking layer (PCE = 4 89%). Chen et al.
also used a similar kind of method to increase the perfor-
mance of the DSSCs. They spin-coated the graphene on the
FTO which helps in preventing the recombination of the
charge between FTO and TiO2 [144]. Because of this, effi-
ciency improved marginally from 5.80% to 8.13%.

Graphene could also be used as a current collector. Yang
et al. incorporated 2D graphene into the TiO2 nanostructure,
aiming at increasing light collection, preventing charge
recombination, and thus enhancing the charge transporta-
tion rate [154]. Bavir and Fattah employed a composite of
TiO2 and graphene as photoelectrode to replace the
TiO2-ZnO composite [18]. DSSC with TiO2-graphene as
photoelectrode shows a higher efficiency of 9.3% than that
(6.5%) of TiO2-ZnO photoelectrode. Table 1 summarizes
the photovoltaic characteristics of DSSCs fabricated with gra-
phene incorporated into the semiconducting layers.

Low et al. used rGO and TiO2 nanocomposite as photoa-
node [155]. They tried to find out the optimum amount of
TiO2 on the rGO photoanode for maximum efficiency.
0.3wt% of TiO2 on rGO showed a maximum photocurrent
generation efficiency. rGO has limited capacity to absorb
visible light from solar illumination, and it is only 2.3%.
Adding TiO2 enhances the capacity of rGO to absorb the
light. Here, graphene oxide was synthesized through
improved Hammer’s method from graphite flakes. In the
acids H2SO4 :H3PO4 (9 : 1), a mixture of graphite flakes
(1.5 g) and KMnO4 (9.0 g) was poured, and the reaction was
carried out in cold water. The whole reaction was carried
out in normal cold water (<20°C) and stirred for 24 hours.
By adding 3mL of H2O2 in the mixture, the oxidation process
was stopped. The color of the mixture became light brownish
showing a high oxidation level of graphite. GO was centri-
fuged to remove the supernatant. HCl and DI, remaining
solid, were washed and dried in the oven for 36 hours. The
dried powder is then again added with water (3mg/mL).
Then, hydrazine (1μL for 3mg of GO) is added to the
mixture, and to add more heat, it was immersed to an oil
bath, with oil at 80°C. The obtained mixture in the last was
high-quality RGO. For the preparation of TiO2, TTIP was
used as precursor and the precipitation-peptization method
was used. The mixture was made by adding 10mL of TTIP
and 40mL of propanol solution then stirred for 30 minutes.
Another mixture was made by adding 5mL of acetic acid,
10mL of propanol, and one drop of Triton X-100 into the
purified water. This mixture was also stirred for 30 minutes.
The first mixture was then added slowly into the second mix-
ture with a rate of 1mL/min. Finally, TiO2 solution was
obtained by stirring the mixture for 2 hours. Different sam-
ples were made by adding various amounts of TiO2 (0.1,
0.2, 0.3, 0.4, and 0.5wt% of TiO2, respectively) solution into
the RGO solution and dried into the oven for 24 hours. Sam-
ples were then calcinated at 450°C for 2 hours. Figure 7(a)
shows the complete work of the DSSC schematically under
a light irradiation process. At the beginning, the adsorption
of a photon by N-719 dye will be transformed from the dye
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molecule, S, to the excited state (S∗) during the harvesting of
DSSCs under the irradiation with AM 1.5 condition. Then,
an electron was transferred rapidly (ps or fs) to the wide
bandgap semiconductor. After that, from the N-719 dye an
excited electron, S∗, was injected into the TiO2–rGO photoa-
node while the other S∗ collected by FTO glass flowed
through the outer circuit heading to the cathode (graphite)
of the FTO glass. Finally, electrons through electrolyte redox
reaction I-/I3

- reduce the oxidized S∗ to the original state.
Performance of DSSC with 0.3% wt of TiO2 and RGO
photoanode has a maximum efficiency of 7.2%, with Jsc of

28.36mAcm-2, Voc of 0.54, and ff of 0.47 (Figure 7(b)). This
is mostly because of the higher probability to capture and
transport the electrons from photoelectrode in a high-
conductivity condition. The conductivity was maximized
because of the formation between rGO and TiO2; hence,
rGO shows a very high conductivity and TiO2 has high pho-
tocatalytic characteristic.

Tang et al. proposed a molecular grafting method to
develop a photoanode where exfoliated graphene sheets (GS)
are attached to a TiO2 nanoparticle matrix in which the gra-
phene sheets were chemically exfoliated and chemisorbed in
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Figure 6: Illustration and performance of a solar cell based on graphene electrodes. (a) Illustration of the dye-sensitized solar cell using
graphene film as electrode; the four layers from bottom to top are Au, dye-sensitized heterojunction, compact TiO2, and graphene film.
(b) The energy level diagram of the graphene/TiO2/dye/spiro-OMeTAD/Au device. (c) I-V curve of the graphene-based cell (black) and
the FTO-based cell (red), illuminated under AM solar light (1 sun) [142].

Table 1: PV characteristics of DSSCs fabricated with graphene incorporated with a semiconducting layer.

Photoelectrodes Jsc (mA cm-2) Voc (V) ff η (%) Ref.

Underlayer with RGO, scaffold layer with RGO, scattering layer with RGO 23.2 0.73 0.55 9.2 [163]

Scaffold layer with T-CRGO 8.4 0.75 0.68 4.3 [156]

Scaffold layer with CVD-derived graphene on Al2O3 10.2 0.78 0.68 5.4 [164]

Scaffold layer with TRGO 7.6 0.67 0.54 2.8 [146]

Scaffold with thermally treated CTAB-functionalized graphene 12.8 0.82 0.62 6.5 [165]

Scaffold layer with T-CRGO 16.3 0.69 0.62 7.0 [150]

Underlayer with T-CRGO 6.7 0.56 0.4 1.7 [147]
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the TiO2 matrix (Figure 8) [147]. The conductivity of the
reduced graphene sheets and good attachment of TiO2 could
be achieved by controlling the oxidation time of the chemical
exfoliation process. It was proved that by adding the GO not
only the efficient electronic transport path was provided but
also the increaseddye loadingof thefilm, leading to an increase
in the photocurrent. The graphene-implanted TiO2 showed a
conversion efficiency of 1.68%. Graphene was also reported to
be dispersed using Nafion and then incorporated in TiO2
particles by heterogeneous coagulation particles [156]. It is
known that P25 particles and graphene process opposite zeta
potentials; therefore, the TiO2 nanoparticle binds to the
surface of graphene via a strong electrostatic attractive force.
The DSSC with P25 nanoparticles showed a Jsc of
5.04mAcm-2 and PCE of 2.7%. In the presence of 0.5wt%
graphene, Jsc increased from 66% to 8.38mAcm-2, resulting
in an efficiency of 4.28%. The authors proposed that the crea-
tion of surface morphologies increased the available sites,
while electrons travel through long mean free paths without
a recombination-extended electron lifetime. As a result, the
performance was enhanced. Figure 9(a) shows the TEM
images of graphene, which are thin, and part of them overlay
while containing wrinkles and rolled edges. Figure 9(b) shows
the zeta potential curves for the graphene and P25 particles in
ethanol. The zeta potential of graphene is -42mV,while that of
P25 is 15mV.Clearly, because of strong opposite potentials on
both thematerials, particles of P25 tend to bind on the surface
of graphene. Figure 9(c) shows EIS spectra of the DSSCs using
P25 andP25-graphene electrodes at an applied bias ofVoc. In a
high-frequency region andmiddle-frequency region, there are
two well-defined semicircles. Acceleration of the electron
transfer process in the film photoanode can be seen from the
reduced size of the semicircle in the high-frequency region

for theP25-graphene electrode compared to theP25 electrode.
As shown in Figure 9(d), The work function of graphene is in
the range of 4.42-4.5. It signifies possible electrons moving
from the conduction band of P25 to graphene. Then, the elec-
trons transfer through the graphene sheets and were collected
by FTO glasses.

Kilic and Turkdogan compared the results of DSSC with
FTO/3D-ZnO-based photoanode and graphene/3D-ZnO--
based photoanode [157]. Adding graphene increases the
porosity of the photoanode which helps in increasing the
charge transfer. Graphene was synthesized from the graphite
by first converting it into reduced graphene oxide and then
into graphene flakes by the modified Hummers’ method.
This graphene was then dip-coated on the FTO substrate.
Then, by facile hydrothermal growth method, 3D-ZnO was
grown on graphene. Efficiency of DSSC with graphene/
3D-ZnO drastically increased than using pure ZnO as photo-
anode, which was improved from 5.117% to 6.628%. Because
of the good interconnectivity and fast charge transport
between graphene and the 3D-ZnO nanostructure, there is
an increase by 29.4% in PCE for graphene/ZnO photoanode
DSSC compared to DSSC with conventional ZnO electrode
and Pt CE. It was proved that the graphene layer increased
the external quantum efficiency with more charge carrier
collection through a better aligned band structure, which
reduces the charge recombination rate.

2.3. Dye Sensitizer. There are two requirements for an effec-
tive sensitizer of a DSSC: (1) it should have the capability to
absorb a wide range of solar spectrum, and (2) electrons must
be quickly moved to the semiconductor scaffold from the
ground state. Traditionally, ruthenium polypyridyl and
quantum dots are used as sensitizers in the photoanode for
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Figure 7: (a) Schematic of TiO2–rGO NC-based-DSSCs. (b) J–V curves of DSSCs under AM 1.5 condition with rGO, TiO2, and various
amounts of TiO2–rGO [155].
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DSSC. It was reported that graphene has the ability to work
as photosensitizer because charge injection from the gra-
phene material to TiO2 can occur. However, the performance
of graphene in this role is poor. Nevertheless, they have
recently shown promise in hot injection [158], showing the
promising ability to overtake the Shockley-Queisser effi-
ciency limit inherent to current device structures.

Yan et al. fabricated DSSC using graphene material pho-
tosensitizers for the first time [159]. The graphene quantum
dots (GQDs) which have a diameter ranging from 1 to
30 nm and had an absorption maximum at 591 nm were
employed in this device. The extinction coefficient is
105M-1 cm-1, which is almost an order of magnitude higher
than N719. Figure 10 shows the employed strategy to make
large graphene quantum dots soluble. In addition to that,
the HOMO level was found lesser than the iodide/triiodide
redox potential and the LUMO level was higher than the
TiO2 conduction band which suggested that both injection
of electron and dye regeneration are possible. It was also
proved by the same group that controlling the size of the mol-
ecule can tune the bandgap of GQD and changing its functio-
nalization can tune the redox potential [160].

Zamiri and Bagheri also tried to use the combined effect
of graphene material and quantum-sized properties for
increasing the DSSC efficiency [161]. GQD has a few-
graphene-layer size of 100nm. They are the combination of
unique properties of quantum-sized dots and graphene. At
the edge, GQDs have very good functional groups, because

of which they have an amazing water solubility. By putting
multiple coatings of the ZnO nanoparticles on the FTO
glasses and also then immersing it in N-719 and GQDs, the
effect of the thickness of ZnO nanoparticles on the perfor-
mance of the DSSC was studied. The I-V tests confirmed that
photoanodes with 40μm thickness show the highest effi-
ciency because with increasing thickness, more photosensi-
tizer molecules present in the semiconductor layer for
absorbing sunlight. To study the effect of the various photo-
sensitizers on ZnO photoanode, it was immersed in different
photosensitizers for different times. The I-V test shows that if
the immersion time is longer, more photosensitizers will be
absorbed, which is helpful in increasing the light harvesting
efficiency, which ultimately results in increasing efficiency
of DSSC.

Esmaeili and Gaznagi tried to add graphene in those tra-
ditional sensitizers to improve efficiency [162]. They made
two samples for the experiment. In the first sample, they just
added graphene into the TiO2 blocking layer, and in the sec-
ond sample, they added graphene in the ruthenium-based
dye solution as well. The authors demonstrated that loading
graphene within the lonely blocking layer and the TiO2 paste
and dye-deposited blocking layer increases the conversion
efficiency, charge collection efficiency, Hall carrier concen-
tration, mobility, etc. Those enhancements were attributed
to the increased carrier concentration, improved charge
transfer, and diminished charge recombination due to the
existence of graphene-functionalized interfaces. Perhaps the
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largest role of graphene materials as a DSSC sensitizer would
be in a scenario which took advantage of the quantum effects
and allowed for ultrafast injection in order to overcome
intrinsic limitations to conventional devices.

3. Conclusion and Outlook

As a novel photovoltaic technology, dye-sensitized solar cells
(DSSCs) have the potential to compete with traditional solar
cells. Compared with silicon solar cells, they are insensitive to
impurities in the fabrication process, which accelerates a
transition from the research laboratory to the mass produc-
tion line. Graphene, emerging as one the most unique
materials, has been recently explored extensively in DSSC
to increase the efficiency and reduce the cost. Graphene has
been widely explored in DSSCs as photoelectrodes. It shows
great potential to change the solar industry in terms of finan-
cially and performance as well. Considering the photoelec-
trode, it is believed that a correct amount of graphene
addition may really enhance the photocurrent in particular
cases. Based on the reported results, it is very much evident

that graphene materials will play a key role in enhancing
the efficiency of the DSSCs. Nevertheless, as research
progresses, we should always remember that graphene
could have various properties according to their different
manufacturing processes and each may be beneficial to dif-
ferent areas in a solar cell. A next stage of research, to bring
graphene materials to a higher relevance in the DSSC com-
munity, would be to study whether improvements discussed
within this review can be carried over to the current best-
in-class devices.
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Aluminum acetylacetonate-based AlOx thin films were introduced as a low-cost, high-quality passivation layers for crystalline
silicon solar cells. Films were formed by a spin coating method on p-type silicon substrates at 450°C in ambient air, O2, or water
vapor (H2O/O2) for 15 or 120min. XPS analysis confirms the AlOx formation and reveals a high intensity of interfacial SiOx at
the AlOx/Si interface of processed wafers. Ambient H2O/O2 was found to be more beneficial for the activation of introduced
AlOx passivation films which offers high lifetime improvements with a low thermal budget. Carrier lifetime measurements
provides that symmetrically coated wafers reach 119.3μs and 248.3μs after annealing in ambient H2O/O2 for 15min and
120min, respectively.

1. Introduction

Reducing the production cost of Si solar cells is one of
the major issues in photovoltaic industries, and many
researchers have spent considerable efforts to reduce the
material cost of silicon wafer which is a large part of the cost.
Hence, the decreased use of silicon wafer (namely, the use of
thin silicon wafers) provides a crucial solution for the
cost-reduction problem. On the other hand, the solar cells
of the thin silicon wafer have another serious problem in
which the conversion efficiencies are decreased due to the
carrier recombination dominantly at the surface region of
the silicon wafer. Fortunately, surface passivation becomes
one of the effective ways to solve the problem [1]. Further-
more, in order to achieve higher conversion efficiency
(finally, to realize the theoretical efficiency limit) of front
junction silicon solar cell, the back surface passivation is a
key technology; the back surface field induced from the
aluminum layer, which is formed by conventional screen
printing, must be improved with alternative passivation
layers with back surface fields and contact characteristics

[2–4]. Several passivation films such as a-Si:H, SiNX, SiO2,
and AlOx [5–8] have been studied in use for silicon solar
cells. When applying SiO2 and SiNx to p+ emitters or local
back surface fields, high-density positive charges cause
strong parasitic shunting and lead to poor electrical charac-
teristics of solar cell [9–11]. Therefore, passivation films with
negative charges are needed for back surface passivation of
high-efficiency p-type solar cells and for p+ emitter passiv-
ation in n-type solar cells. Surface passivation with AlOx thin
films with its excellent electrical properties is a suitable
candidate as the passivation layer with negative charge
effects. The widely used techniques to form high-quality
AlOx passivation films are atomic layer deposition (ALD)
[2, 12, 13] and plasma-enhanced chemical vapor deposition
(PECVD). However, apparatus costs are relatively expensive.
Moreover, the use of hazardous precursors including tri-
methyl aluminum (TMA) in an ALD process [12] and result-
ing toxic byproducts when using the PECVD technique is the
main drawback [14, 15]. On the other hand, AlOx-based
solutions [16, 17] which can be deposited by low-cost tech-
niques including spin coating, spray pyrolysis, or screen
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printing can be one of the alternatives to form low-cost,
nontoxic AlOx passivation layers for the use of solar cell
applications. Investigations for the synthesis of such high-
performance AlOx layers and adaptation of them to the solar
cell fabrication processes are crucial and still in demand.

In this work, spin coating aluminum oxide thin films
based on aluminum acetylacetonate (Al-acac) were prepared
and were investigated as a quality passivation layer material
for p-type silicon substrates. Because the interface properties
of the AlOx film with the silicon substrate are crucial for
high-quality passivation films, a special attention was given
to the analysis of the interface, and the ambient effect during
the activation process of the films was investigated which can
significantly affect the resulting interface characteristics.
Characterizations were carried out mainly by X-ray photo-
electron spectroscopy (XPS) measurements and carrier
lifetime studies by μ-PCD to determine the interface proper-
ties including the effective fixed charge density (Qeff ) changes
before and after the applied processes.

2. Experimental

Aluminum acetylacetonate solution (Al-acac) was pre-
pared by mixing of 0.486 g aluminum (III) acetylacetonate
(Al(CH3COCHCOCH3)3) (Wako Pure Chemical Ind. Ltd.)
with 50mL ethanol and stirred for 1 hour which pro-
vides a 0.03M of Al-acac solution. 25mm × 25mm-sized
10-50Ω·cm p-type CZ-Si wafers (cut from 6-inch wafers)
were used as a substrate. Prior to the Al-acac deposition,
wafers were etched in acidic solution containing HF:HNO3
(1 : 5 in volume) for 5min and dipped into the 10% HF solu-
tion for 1min to remove the native oxide at the surface of the
substrate. Spin coating of Al-acac solution was performed

with the rotation speed of 4000 rpm, and coated samples
were dried at 125°C for 5min. A symmetrical structure was
established by subsequent coatings on both sides of the
wafers. The thickness of AlOx thin films was ~2.8 nm mea-
sured by spectroscopic ellipsometry (model: Gonio bench,
Sopra). Coated wafers were annealed in quartz furnace at
450°C in ambient air, O2, or water vapor (H2O/O2). The
annealing time was varied between 15 and 120min.

The initial effective lifetime estimation of cleaned silicon
wafers was carried out using μ-PCD (WT-1000B, Semilab).
Initial lifetimes of preprocessed wafers were around 10μs.
Similarly, postannealing effective carrier lifetimes of AlOx-
coated wafers were also measured by μ-PCD. The interfacial
analysis of the AlOx-coated wafers was carried out by X-ray
photoelectron spectroscopy (XPS, XPS system at the
synchrotron of beam line 7b, NewSUBARU, University of
Hyogo). The energy offset was calibrated using the C 1s
signal (284.8 eV). The cyclic voltammetry measurement was
performed with an LCR instrument (E4980A, Agilent) to
determine the Qeff .

3. Results and Discussion

XPS measurements of Al-acac-based AlOx films were carried
out and were analyzed. The XPS survey spectrum of the
Al-acac-based AlOx films formed in various ambients
(H2O/O2, O2, and air) in 15min is given in Figure 1(a) with
the highlighted peaks. Al 2s and Al 2p peaks can be con-
firmed for each processed ambient in an expanded spectrum
in Figure 1(b).

Peaks corresponding to Al 2p were observed for all AlOx
layers formed in different ambients at a binding energy of
~76 eV [18]. Figure 2 shows detailed spectra of Al 2p core
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Figure 1: XPS spectra of Al-acac-based AlOx formed in various ambients (H2O/O2, O2, and air): (a) wide spectrum (0-1000 eV) and (b)
expansion spectrum (55-175 eV).
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Figure 2: XPS Al 2p core level spectra of Al-acac-based AlOx formed in ambient (a) H2O/O2 for 15min, (b) H2O/O2 for 120min, (c) O2 for
15min, (d) O2 for 120min, (e) air for 15min, and (f) air for 120min.
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levels ((a, b) in H2O/O2; (c, d) in O2; and (e, f) in air).
Al 2p peaks were deconvoluted into the subpeaks repre-
senting Al-O and Al-OH bonds. The main contribution
was from Al-O bonds, and the side signal was Al-OH
bonds for all cases. Calculated area fractions of related
subpeaks of Al-O and Al-OH are given in Table 1. Con-
sidering the areas of Al-O peaks for Al 2p core levels,
these results show a clear elemental O and Al existence
and confirm AlOx films in nonstoichiometric ratios after
processed conditions.

The peak of Si 2p was measured as well, by scanning
around 98 to 106 eV by XPS measurement, and its decompo-
sition was carried out in order to confirm interfacial SiOx
formation at the AlOx/Si interface upon the activation of
AlOx films. According to the fitting of the peaks, the oxida-
tion states of silicon can be observed in Figure 3, which is
composed of chemical states of bulk silicon (Si 2p3/2 and
Si 2p1/2) and of suboxide peaks including Si2O, SiO,
Si2O3, and SiO2 [19, 20].

Table 2 provides the calculated ratio of Si2O, SiO,
Si2O3, and SiO2 subpeaks and the resulting total SiOx

(Si3+ −O + Si4+ −O) ratio with respect to bulk silicon
(assuming Si 2p3/2 %+ Si 2p1/2 % = 100%).

The ratio of SiOx with respect to Si increased for all
annealing conditions (ambient of H2O/O2, O2, or air) by
increasing the annealing time. The highest ratios of SiOx were
observed after annealing in ambient H2O/O2 for both
annealing times of 15min and 120min than those of values
for ambient air or O2. The area ratios of interfacial SiOx were
61.89% and 77.33% for annealing of 15 and 120min, respec-
tively, for the case of ambient H2O/O2.

Figure 4 compares the carrier lifetime dependence of
AlOx-coated wafers processed in ambient H2O/O2, in ambi-
ent O2, and in ambient air, for 15 or 120min. Lifetimes of
the wafers processed in ambient H2O/O2 were increased
significantly than those of the wafers processed in ambient
O2 or in ambient air. Average lifetimes of 119.3μs and
248.3μs were achieved after annealing in ambient H2O/O2
for 15 and 120min, respectively. In the case of annealing in
ambient O2, an average lifetime of 40.1μs was achieved after
annealing for 15min while a lifetime of 165.2μs could be
achieved after 120min of annealing. Similarly, average life-
times of 69.5μs and 218μs were achieved after annealing in
ambient air for 15 and 120min, respectively. It is noteworthy
that ambient H2O/O2 provides better results in both 15min
and 120min processing durations.

In carrier lifetime measurements by μ-PCD, free
electron-hole pairs under the illuminated area are generated
in the sample by an infrared semiconductor laser pulse. The
concentration of the carriers and the conductivity of the
sample change due to the generation and recombination of
the excited carriers, where the decaying of the conductivity
because of recombinations is measured by detecting the
microwave reflectivity by a measure of time [21]. Since some
carriers recombine in the bulk and some recombine near the
surface, carrier lifetimes could be improved after AlOx pas-
sivation owing to the reduction of surface recombination
velocity or, in other words, the reduction of recombination
rate of carriers on the surface of the wafers. Therefore,

lifetime improvements were mainly attributed to the effect
of AlOx passivation and can be explained by the elimination
of the recombination centers including defects and dangling
bonds at or near the surface owing to the formation of
interfacial SiOx [22, 23]. The increase of SiOx at the inter-
face increases the passivation quality and can reduce
dangling bonds by bonding of the oxygen atoms of SiOx
with negatively charged Al atoms [24]. Therefore, higher
average carrier lifetimes of silicon wafers annealed in
ambient H2O/O2 after the deposition of AlOx films by
Al-acac solution can be related to the higher ratio of SiOx
at the Si/AlOx interface.

In order to investigate further, capacitance-voltage
(C-V) measurements (Agilent E4980A LCR meter) were
conducted at 1MHz. Metal/insulator/semiconductor struc-
tures of <Au/AlOx/p-Si/Au> were prepared for C-V mea-
surements with Al-acac-based AlOx films as the insulator,
shown in Figure 5(a). Au was deposited by a thermal evapo-
ration method. The effective fixed charge density (Qeff ) were
extracted from C-Vmeasurements using the knownmethods
for high-frequency measurements [25]. Figure 5(b) presents
the comparison of resulting Qeff for each processing condi-
tion. Considering these results, a possible explanation for
the increase of carrier lifetimes after annealing for 120min
can be the dominant field effect over the change of trapped
density when Qeff is greater than 1012 cm-2 [26]. In the case
of ambient O2, Qeff , O2 increases from -2 05 × 1012 cm-2

(annealing for 15min) to -4 4 × 1012 cm-2 (annealing for
120min).

These results show that carrier lifetimes and Qeff increase
by increasing the annealing duration. It is interesting to note
that although the highest Qeff values achieved when anneal-
ing were processed in ambient O2, the resulting carrier
lifetimes were lower than those of the annealing processes
held in ambient air or in ambient H2O/O2. These contradic-
tory results may be due to the reaction of O2 with the silicon
surface that results in not only additional surface charge
densities but also surface recombination centers. In the case
of H2O/O2, on the other hand, owing to the emission of H
atoms on the silicon surface, the minority carrier lifetimes
can be higher despite of lower fixed charge densities.

Considering these results cumulatively, one can conclude
that the quality passivation effect of spin coating AlOx
films could be obtained at the moderate annealing temper-
ature of 450°C in relatively short annealing times (as low
as 15min) when using ambient H2O/O2. Therefore, spin

Table 1: The ratio of each bonding peak for each annealing
condition.

Time Annealing condition Al-O area (%) Al-OH area (%)

15min

H2O/O2 92.71 7.29

O2 91.95 8.05

Air 95.50 4.50

120min

H2O/O2 92.08 7.92

O2 93.25 6.75

Air 88.44 11.56
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Figure 3: XPS Si 2p core level spectra with suboxides of Al-acac-based AlOx films formed in ambient (a) H2O/O2 for 15min, (b) H2O/O2 for
120min, (c) O2 for 15min, (d) O2 for 120min, (e) air for 15min, and (f) air for 120min.
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coating Al-acac-based AlOx films can be a promising
low-cost and feasible alternative for the passivation of sil-
icon substrates for crystalline silicon solar cell applications.

4. Conclusion

Cost-effective and simple process spin coatable aluminum
acetylacetonate- (Al-acac-) based aluminum oxide films were
introduced in this work. Carrier lifetime studies and XPS
analysis were carried out for the evaluation of the films.
The passivation performance of Al-acac-coated and subse-
quently annealed silicon substrates in ambient H2O/O2 was
found to be more effective than that in ambient O2 or ambi-
ent air. When annealing in ambient H2O/O2, the average life-
time reached around 119.3μs after processing only for
15min which can lower the thermal budget of the cell fabri-
cation process. Higher lifetimes of wafers annealed in ambi-
ent H2O/O2 were attributed to the greater SiOx formation
at the Si/AlOx interface and confirmed by XPS analysis. It
can be concluded that Al-acac-based spin coating AlOx films
can be an attractive cost-effective candidate as a passivation
layer for solar cell applications.

Table 2: The calculated ratio of silicon oxide subpeaks and total ratio of SiOx after annealing of AlOx film in various ambients for 15 or
120min; criteria are based on Si peak.

Time Annealing condition Si+-O (%) Si2+-O (%) Si3+-O (%) Si4+-O (%) SiOx (Si3+ + Si4+) (%)

15min

H2O/O2 18.35 11.18 5.19 56.70 61.89

O2 10.69 2.63 1.00 31.15 32.15

Air 10.78 3.28 0.55 33.52 34.07

120min

H2O/O2 30.45 5.37 8.74 68.59 77.33

O2 18.82 11.64 2.69 46.14 48.83

Air 17.18 13.67 3.97 54.28 58.25
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Figure 4: Effective carrier lifetime comparison of Al-acac-coated
silicon wafers after annealing in different ambients (H2O/O2, O2,
and air) for 15 or 120min at 450°C.
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Quantum dots are drawing great attention as a material for the next-generation solar cells because of the high absorption coefficient,
tunable band gap, and multiple exciton generation effect. In search of the viable way to enhance the power conversion efficiency of
quantum dot-sensitized solar cells, we have succeeded in preparing the quantum dot solar cells with high efficiency based on
CdSe:X (Mn2+ or Cu2+) nanocrystal by successive ionic layer absorption and reaction. The morphological observation and
crystalline structure of photoanode were characterized by field-emission scanning electron microscopy, X-ray diffraction, and
the EDX spectra. In addition, the electrochemical performance of photoelectrode was studied by the electrochemical impedance
spectra. As a result, we have succeeded in designing QDSSCs with a high efficiency of 4.3%. Moreover, the optical properties,
the direct optical energy gap, and both the conduction band and the valence band levels of the compositional CdSe:X were
estimated by the theory of Tauc and discussed details. This theory is useful for us to understand the alignment energy structure
of the compositions in electrodes, in particular, the conduction band and valence band levels of CdSe:X nanoparticles.

1. Introduction

In recent years, inorganic semiconductor materials, which
are also called Quantum Dots (QDs), have emerged as a
powerful light-absorbing material that generates electrons
for the quantum dot-sensitized solar cell (QDSSC) applica-
tion. Various QDs were applied in the QDSSCs such as
CdS, CdSe [1], PbS, PbSe [2, 3], and InP [1]. These had a
number of advantages over dye molecules because the band
gap could be controlled through particle size, modification
[4], the high optical absorption coefficient [5], and generat-
ing several e–h+ pairs as absorbing photons [6]. So far,
QDSSCs have still low optical conversion efficiency
compared to dye-sensitized solar cells [7–11].

There are now a number of ways to improve perfor-
mance of QDSSCs such as QDSSCs based on the CdS/CdSe
combination synthesized by chemical bath deposition
methods and successive ionic layer absorption and reaction
(SILAR) adsorbed directly onto TiO2 nanoparticles [12, 13].

The improved performance was also achieved on core-shell
QDs. Yu et al. reported the fabrication results on the
CdS/CdSe core-shell system, resulting in higher current
density, voltage, and performance than single QDs [13].
Yu said that the improved performance was done because
of the reduced recombination processes at the surface
trapping states of QDs and the increased electron mobility
to TiO2 nanoparticles. In addition, the combination of
electrons and holes in the contact surfaces and in semicon-
ductor oxides such as TiO2 and ZnO causes the reduction
in performance of QDSSCs. To reduce the recombination
processes, Jung and colleagues coated CdS QDs with a
ZnS layer to protect QDs from the electrolyte [14–16]. This
result was also confirmed in the QDSSCs based on PbS
QDs with a CdS protection layer [17]. There were many
methods that can reduce recombination in devices, but
the most common method of surface treatment was used.
Surface treatment means protection of QDs, which helped
stabilize QDs in an electrolyte solution [18, 19].
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Today, CdSe QDs are widely used by scientists in
QDSSCs because of their easy manufacture, low cost, and
high stability. However, their resistance is high and their
CB energy is lower than that of TiO2 in the bulk material.
These results do not facilitate the shift of electrons from
CdSe QDs to the TiO2 film. By doping metal ions into
QDs such as Cu [6], In [20], Co [21], Mn [22, 23], Hg
[24], Eu [25, 26], La [27], and Mg [28], the electrical and
optical properties of photoanode can be improved by the
boosting absorption of photons of QDSSCs.

As far as reasons are concerned, QDSSCs based on X
ions doped on CdSe nanoparticles with the different compo-
sitions of the Mn2+ (x between 0% and 40%) and the Cu2+ (y
from 0% to 0.5%) by SILAR were illustrated. Moreover, the
significant effects of X dopant on optical, physical, chemical,
and photovoltaic properties of QDSSCs can be studied by
the UV-Vis spectra and Tauc equation, which can determine
the Eg, CB, and VB positions of X ions doped on pure CdSe
nanoparticles. This theory is useful for us to understand the
alignment energy structure of the compositions in
electrodes, in particular, CB and VB levels of CdS, CdSe:X
nanoparticles. As a result, there is a rise or a drop of the
CB and the VB levels when X content was changed. Corre-
spondingly, the electrochemical impedance spectra were
carried out to determine dynamic resistances in QDSSCs.

2. Experiment

In this experiment, TiO2/CdS and TiO2/CdS/CdSe:Cu
2+

were synthesized similar to Ref [29]. In Ref [29], the thick-
ness of TiO2/CdS/CdSe:Cu

2+ was investigated to get the
optimization. However, in this paper, we investigated the
effect of Cu2+ molar concentrations as doping it into CdSe
nanoparticle. Besides, we also prepared QDSSCs based on
Mn2+ ion-doped CdSe nanoparticle and compared with that
of QDSSCs based on TiO2/CdS/CdSe:Cu

2+ photoanode.

2.1. TiO2 and TiO2/CdS Films Were Prepared As Follows Ref
[29]. Briefly, a fluorine-doped tin oxide (FTO) glass
substrate with sheet resistance 7Ωsq−2 was used for the
photoanode and the counter electrode. First, the FTO sub-
strate was cleaned with ethanol for 30min by ultrasonic,
followed by deionized (DI) water for 15min. The nanopor-
ous TiO2 film was made on the well-cleaned substrate by
the print method followed by sintering at 500°C for
30min. TiO2/CdS film: TiO2 films were dipped into a
Cd(CH3COO)2·2H2O ethanol solution for 5min, rinsed
with ethanol, and dried, then successively dipped into a
Na2S·9H2O methanol solution for another 5min, rinsed
with methanol, and dried. The two-step dipping procedure
was termed as one SILAR cycle. The process was repeated
three times, and the obtained TiO2 film decorated with
CdS QDs was named as the TiO2/CdS film [30].

2.2. A TiO2/CdS/CdSe:Mn2+ Film. Similarly, the Mn doped
on CdSe QDs was attached to the TiO2/CdS film using SILAR.
0.740304g Cd(NO3)2·2H2O and 0.47054 g Mn(CH3COO)2·
2H2O were dissolved in 30ml ethanol and DI water with ratio
1 : 1 to obtain 0.1M of Cd2+ and Mn2+ solution. The process

involved subsequent immersions of the TiO2/CdS film in
a solution of 0.1M of Cd2+ and Mn2+ solution for 5min
and then rinsed with ethanol. It then was immersed in
0.3M of Se2- solution for 5min at 50°C and rinsed with
DI water. To accommodate the doping of Mn2+ ion, rele-
vant molar concentrations of 0.1mM, 0.2mM, 0.3mM,
0.4mM, and 0.5mM of Mn(CH3COO)2·2H2O were mixed
with Cd(CH3COO)2·2H2O anion source. The process was
repeated 3 times and the obtained TiO2/CdS film decorated
with CdS/Mn-CdSe multilayers.

2.3. ATiO2/CdS/CdSe:Cu
2+Film.PreparationofTiO2/CdS/CdSe:

Cu2+ photoanodes: briefly, the TiO2/CdS layers were
immersed into Cd2+ and Cu2+ ionized solution (molar concen-
trations of 0.1mM, 0.2mM, 0.3mM, 0.4mM, and 0.5mM of
Cu(NO3)2·3H2O were mixed with Cd(CH3COO)2·2H2O anion
source) for 5min at room temperature, then rinsed with
ethanol to remove excess precursors and dried. The films were
next dipped into Se2- solution for 5min at room temperature
followed by rinsing with methanol and drying. This cycle was
repeated 3 times [30]. The polysulfide electrolyte and Cu2S
counter electrode were followed Ref [30].

2.4. Characterization. Field-effect scanning electron micro-
scope (FESEM, 7401F) of Ho Chi Minh City Institute of
Physics was used to investigate the surface morphology
and composition of photoanode using the voltage of 10 kV.
The UV-Vis spectra were characterized by the JASCO
V-670 device of Applied Physical Chemistry Lab of Univer-
sity of Science, Vietnam National University-Ho Chi Minh
City. The crystal structure was analyzed using an X-ray
diffractometer (Philips, PANalytical X’Pert, CuK_radiation)
and photocurrent-voltage measurements were performed
on a Keithley 2400 source meter using simulated AM 1.5
sunlight with an output power of 100mW× cm−2 produced
by a solar simulator (Solarena, Sweden). The electrochemical
impedance spectroscopy (EIS) was carried out with the use
of an impedance analyzer (ZAHNER CIMPS).

3. Results and Discussion

Figures 1(a) and 1(d) are FESEM images of TiO2/CdS/CdSe:
Mn2+ and TiO2/CdS/CdSe:Cu

2+ photoanodes with 20% and
0.3% doping concentration, respectively. The highly porous
nearly spherical-shaped TiO2 nanoparticles can be observed
very clearly from Figures 1(a) and 1(d) with an average size
of approximately 70 nm. We can clearly see each layer of
film, thickness of the FTO layer about 0.563 nm. The thick-
ness of TiO2/CdS/CdSe:Mn2+ and TiO2/CdS/CdSe:Cu

2+

photoanodes is approximately 12.056μm and 12.675μm,
respectively. However, we did not observe both CdSe:Mn2+

and CdSe:Cu2+nanoparticles in the film because of their very
small size. They can be filled in the space between the TiO2
nanoparticles and absorbed onto the TiO2 surface.

The compositional EDX analysis of the CdSe:X is shown
in Figures 1(c) and 1(f), which confirm the presence of Mn2+

and Cu2+ dopant in photoanodes. As can be seen from
Figures 1(g) and 1(h), they are the same structures of TiO2,
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CdS, and CdSe:Mn2+ (Cu2+). It is immediately obvious that
the Raman spectroscopy of TiO2/CdS/CdSe:Mn2+ electrode
shows the modes at 144 cm-1, 395 cm-1, 515 cm-1, and
636 cm-1positions corresponding to the TiO2 anatase [31].
Similarly, the above modes of TiO2 anatase in the Raman
spectroscopy of TiO2/CdS/CdSe:Cu

2+ electrode appear at
206 cm-1, 266 cm-1, 414 cm-1 and 622 cm-1positions. It is
immediately obvious that there was a shift of the modes
towards the high frequency due to the increase of
CdSe:Cu2+-TiO2 associate compared to CdSe:Mn2+-TiO2
associate. Besides, there are one Longitudinal-Optical
(1LO) and 2LO modes of CdSe:Mn2+ Zinc Blende at
201 cm-1 and 395 cm-1positions. However, the modes are
shifted towards high frequency for Cu2+ ion-doped CdSe
QDs. In addition, the 2LO mode of CdSe Cubic is shown
in both Figures 1(g) and 1(h), but there was no 1LO mode.

This implies that CdS, CdSe:Cu2+(Mn2+) nanoparticles have
absorbed on TiO2 films.

To determine the Eg of the TiO2/CdS/CdSe:Mn2+ and
TiO2/CdS/CdSe:Cu

2+ electrodes, UV-Vis absorption mea-
surements are carried out. By analysis of the absorption
coefficients for the electrodes, optical energy gap can be
estimated using Tauc plot of αhv 2 versus (hv) and
extrapolating of the linear portions of the curves to the
energy axis according to [32]

αhv = K hv − Eg
1/2 1

α is the absorption coefficient, which is determined by
α ≈ 1/d ln 1 − R2 /T about 9.104 cm-1 [33], where d is
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Figure 1: FESEM image at 100 nm (a, d) and cross-section at 1μm (b, e). EDX of CdSe:Mn2+(20%) and CdSe:Cu2+(0.3%) (c, f). (g, h) Raman
spectroscopy of CdSe:X-QDSSCs.
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the thickness of the film and T is the transmittance; R is the
reflectance. hv is the photon energy, Eg is the direct band
gap energy, and K is a constant (about 2.059 10-2 cm-1)
[33]. The Tauc plots are shown in Figure 2.

Moreover, the CB and VB of CdS, CdSe nanoparticles
can also be determined by Tauc equation. The CB and VB
of materials can be calculated if the electron affinity energy
and the ionization energy are known. Similarly, the CB
and VB of CdS and CdSe can be determined by Tauc
equation [34]. The calculated parameters are listed in
Tables 1 and 2.

Optical properties of undoped and doped photoanodes,
which were prepared by SILAR method and calcined in a
vacuum environment, were investigated by UV-Vis absorp-
tion spectra. Figures 2(a) and 2(b) show the UV-Vis absorp-
tion spectra of the photoelectrode with undoped (x, y = 0%)
and doped concentration of Mn2+ ions from 5% to 40% and
Cu2+ ions from 0.1% to 0.5%. In general, there are two major

differences between UV-Vis absorption spectra of undoped
films and doped films such as, firstly, there is a very sharp
increase in absorption spectra intensity when we doped
Mn2+ ions from 5% to 40% and Cu2+ ions from 0.1% to
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Figure 2: UV-Vis spectra of (a) CdSe(3)Mn2+ and (b) CdSe(3)Cu2+. αhv 2 vs. (hν) curves of (c) CdSe(3)Mn2+ and (d) CdSe(3)Cu2+ QDs.

Table 1: The band gap, CB, and VB positions of CdSe:Cu2+ are
calculated by Tauc and UV-Vis spectra.

Materials Eg (eV) X (eV) ECB (eV) EVB (eV)

CdSe(3)Cu2+(x = 0%) 2.03 5.102 -4.08 -6.11

CdSe(3)Cu2+(x = 0 1%) 1.75 4.913 -4.04 -5.79

CdSe(3)Cu2+(x = 0 2%) 1.78 4.913 -4.02 -5.80

CdSe(3)Cu2+(x = 0 3%) 1.73 4.913 -4.05 -5.78

CdSe(3)Cu2+(x = 0 4%) 1.79 4.913 -4.01 -5.80

CdSe(3)Cu2+(x = 0 5%) 1.78 4.913 -4.02 -5.80
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0.5% on CdSe QDs. This implied that the presence of metal
ion energy levels in the band gap of CdSe QDs causes an
increase in the absorption of incoming photons [35]. This
result will be explained in more detail when we determine
the CB energy and the VB of both CdSe:Mn2+ and
CdSe:Cu2+ QDs. Secondly, there is a shift of the absorption
peak in the red region compared to the undoped photoelec-
trodes (from 570nm to 615nm) [36–38]. This is also under-
standable because of the change in band gap of CdSe QDs
after doping; the CB position of CdSe QDs may be raised
and its band gap may be narrowed. Figures 2(c) and 2(d)
show the Tauc plot of Mn2+ ions from 5% to 40% and
Cu2+ ions from 0.1% to 0.5% on CdSe QDs as shown in
Tables 1 and 2. The band gap values of both CdSe:Mn2+

and CdSe:Cu2+ QDs reduced compared to the band gap of
pure CdSe QDs.

Figure 3 shows photocurrent density-voltage curves of
QDSSCs based on the metal ion-doped photoanodes measured
under AM 1.5, 100mW/cm2, and the photovoltaic parameters
are listed in Table 3. The QDSSCs on undoped TiO2/CdSe
films were measured with open circuit (VOC = 0 41V), FF
(0.38), short-current density (JSC = 12 5mA), and efficiency
(η = 1 95%). In general, the QDSSCs based on CdSe:Mn2+

and CdSe:Cu2+ QDs have better performance compared to
the QDSSCs based on undoped films. When doping,
open-circuit parameters, short-circuit currents, and efficiency
increase due to the conduction band position of CdSe:Mn2+

and CdSe:Cu2+ QDs, which is raised higher than that of
TiO2 semiconductor and listed in Tables 1 and 2. Similar to
the UV-Vis absorption spectra, there was a strong increase
in efficiency of the QDSSCs from 1.95% (with pure CdSe
QDs) to 4.3% (with CdSe:Cu2+ QDs) and 3.8% (CdSe:Mn2+

QDs). The result of an increase performance is due to the
effect of metal concentration impurities in CdSe QDs. This
result is also explained by the calculation of CB energy levels,
the VB of TiO2 semiconductor, CdSe:Mn2+ and CdSe:Cu2+

QDs [29, 39]. As we know, in the bulk material, the CB
position of CdSe QDs (-4.5 eV) is lower than the CB of
TiO2 (-4.3 eV), which is difficult for excited electrons to
move from CdSe QDs to TiO2 nanoparticles [27]. However,
after doping, the CB energy of CdSe:Mn2+ and CdSe:Cu2+

QDs is significantly increased from -4.5 eV to -4.05 eV (for

CdSe:Cu2+ QDs) and -3.74 eV (for CdSe:Mn2+ QDs), which
is higher than the CB of TiO2 nanoparticles. Therefore, like
a waterfall, electrons can easily move from CdSe:X QDs to
TiO2 film. This result also causes an increase in current den-
sity from 12.5mA to 20mA (CdSe:Cu2+ QDs) and 19mA
(CdSe:Mn2+ QDs).

Figures 4(a) and 4(b) are the EIS curves of photoanodes
with the doped concentration of Mn2+ ions from 5% to 40%
and Cu2+ ions from 0.1% to 0.5% under one-sun illumina-
tion and open circuit of the device; the parameter values
shown are in Tables 3 and 4. Basically, the EIS curves have
two semicircles corresponding to the resistance at the sur-
face of the polyelectrolyte/counter electrode (denoted as
Rct1) and the diffuse resistance in the TiO2 film and
TiO2/CdSe:X surface (denoted as Rct2) [40]. After measuring
the EIS curve, we used Nova software to fit and obtain the
circuit corresponding to each EIS curve. From the circuit
obtained, we determined Rct1 and Rct2 resistances, respec-
tively. The lifetime of the excited electron (τn) is determined
by the formula τn = 1/ 2πfmin , and the capacitance of
QDSSCs (Cμ) is determined by Cμ = τn/Rct2. The calculated
values are presented in Tables 3 and 4. In general, the
QDSSCs based on TiO2/CdSe:Mn2+ with the doped concen-
tration from 5% to 40% and TiO2/CdSe:Cu

2+ with the doped
concentration from 0.1% to 0.5% have sharply changed the
photovoltaic, which causes the change of Rct1 and Rct2 resis-
tance values, the capacitance, and the excited electron
lifetime of CdSe:X QDs. In particular, the Rct1 and Rct2 resis-
tances correspond to pure CdSe QDs recorded approxi-
mately 630.5Ω and 194.8Ω; they are much higher than
both the Rct1 (254.4Ω) and Rct2 (8.68Ω) resistances with
the Cu2+-doped concentration from 0.1% to 0.5% and the
Rct1 (204.5Ω) and Rct2 (24.65Ω) resistances with the
Mn2+-doped concentration from 10% to 40%, while the
excited electron lifetime and capacitances of QDSSCs are
much lower [29]. This result implies that Cu2+ and Mn2+

doping into CdSe QDs can cause a decrease in diffusion
resistance in TiO2 films and surfaces. Furthermore, the cause
of the increase in performance may be due to the increase in
the CB position of the CdSe:X QDs, which is higher than
that of the TiO2 conduction band. In addition, the energy
level of metal ion appears in the band gap of CdSe QDs,
which reduces the band gap energy of CdSe:X QDs. This
result is evidenced by the shift and an increase in the
intensity of the UV-Vis absorption spectra (Figure 2). From
the above reasons, we can show an increase in the current
density and decrease the Rct2 resistance of the device.

4. Conclusions

TheQDSSCs based on TiO2/CdS/CdSe(3)Cu
2+(x) with x from

0% to 0.5% and TiO2/CdS/CdSe(3)Mn2+(y) with y from 0% to
40% were successfully fabricated by the SILAR method. The
TiO2/CdS/CdSe(3)Cu

2+(x) cosensitized solar cells demon-
strated better performance (4.3%) than the TiO2/CdS/
CdSe(3)Mn2+(y) (3.8%) and TiO2/CdS(3)/CdSe(3) (1.96%).
This result is a cause of the light harvesting for producing exci-
tons, facility fast electron transfer at TiO2/CdS/CdSe:Mn2+

Table 2: The band gap, CB, and VB positions of CdSe:Mn2+ are
calculated by Tauc and UV-Vis spectra.

Materials Eg (eV) X (eV) ECB (eV) EVB (eV)

CdSe(3)Mn2+(y = 0%) 2.03 5.10 -4.08 -6.11

CdSe(3)Mn2+(y = 5%) 1.8 4.62 -3.72 -5.52

CdSe(3)Mn2+(y = 10%) 1.81 4.62 -3.71 -5.52

CdSe(3)Mn2+(y = 15%) 1.82 4.62 -3.71 -5.53

CdSe(3)Mn2+(y = 20%) 1.75 4.62 -3.74 -5.49

CdSe(3)Mn2+(y = 25%) 1.78 4.62 -3.73 -5.51

CdSe(3)Mn2+(y = 30%) 1.8 4.62 -3.72 -5.52

CdSe(3)Mn2+(y = 35%) 1.79 4.62 -3.72 -5.51

CdSe(3)Mn2+(y = 40%) 1.8 4.62 -3.72 -5.52
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(Cu2+) interfaces, and the reduced recombination in the
QDSSCs as the concentration of Cu2+ (Mn2+) doped on the
CdSe nanoparticles. In addition, the optical properties, the

direct optical energy gap, and both the CB and VB levels of
the compositional CdS, CdSe:Cu2+ and CdSe:Mn2+ were esti-
mated by the theory of Tauc and discussed details. This theory
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Figure 3: Photocurrent density-voltage (J-V) curves of (a) CdSe:Cu2+-QDSSCs and (b) CdSe:Mn2+-QDSSCs.

Table 3: The values of J-V curves and electrochemical impedance spectra with x from 0% to 0.5%.

QDSSCs JSC (mA/cm2) FF VOC (V) η (%) Rct1 (Ω) Rct2 (Ω) Cμ (μF) τn (ms)

CdSe:Cu2+(x = 0%) 12.5 0.38 0.41 1.95 630.5 194.8 12.25 58.7

CdSe:Cu2+(x = 0 1%) 15.32 0.36 0.43 2.38 542.5 94.48 72.66 77.2

CdSe:Cu2+(x = 0 2%) 18.28 0.42 0.47 3.63 389.8 59.85 86.72 82.3

CdSe:Cu2+(x = 0 3%) 20.0 0.42 0.50 4.3 254.4 8.68 160.5 83.6

CdSe:Cu2+(x = 0 4%) 18.9 0.42 0.49 3.81 330.5 22.71 156.2 72.9

CdSe:Cu2+(x = 0 5%) 16.17 0.34 0.44 2.42 560.6 138.9 139.7 83.2
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Figure 4: Nyquist curves of QDSSCs. (a) Mn2+ concentration changing from 0% to 40%. (b) Cu2+ concentration changing from 0% to 0.5%.

6 International Journal of Photoenergy



is useful for us to understand the alignment energy structure
of the compositions in electrodes, in particular, the CB and
VB levels of CdS, CdSe:Cu2+, and CdSe:Mn2+ nanoparticles.
As a result, there is a rise or drop of the CB and VB levels when
Cu2+ (Mn2+) content was changed.
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Supplementary Materials

Supplemental Figure 1: FESEM image at 100 nm (a, d), cross
section at 1 μm (b, e), and EDX of CdSe:Mn2+ (20%) and
CdSe:Cu2+ (0.3%) (c, f). (g, h) Raman spectroscopy of
CdSe:X-QDSSCs. The morphology of preparing as-photoe-
lectrodes with 20% of Mn2+ and 0.3% of Cu2+ could be
obtained from FESEM. In addition, the compositions and
structure of films could be investigated from EDX and
Raman spectra. In general, these are the main data sets,
which provided all information about the morphology, sizes,
and thickness of a sandwich layer and structure of preparing
as-photoelectrodes. Supplemental Figure 2: UV-Vis spectra
of (a) CdSe(3)Mn2+ and (b) CdSe(3)Cu2+. (αhv)2 vs. (hv)
curves of (c) CdSe(3)Mn2+ and (d) CdSe(3)Cu2+ QDs. This
is the supplementary material which supports for us to deter-
mine the band gap of sample as getting the peak of UV-Vis
spectra, in particular, calculate the conduction band and
valence band of material. Supplemental Figure 3: photocur-
rent density-voltage (J-V) curves of (a) CdSe:Cu2+-QDSSCs
and (b) CdSe:Mn2+-QDSSCs. The performance of the
quantum dot-sensitized solar cells could be obtained from
the photocurrent density-voltage curves. These results sup-
port the discussion from the electrochemical impedance
spectra. Supplemental Figure 4: Nyquist curves of QDSSCs.

(a) Mn2+ concentration changing from 0% to 40% and (b)
Cu2+ concentration changing from 0% to 0.5%. The data set
obtained from the electrochemical impedance spectra such
as Nyquist curves, Bode phase. They are used to determine
resistance dynamic, lifetime, and capacitances of the photo-
electrodes to correlate with the shift of excited electrons from
quantum dots to TiO2 nanoparticles, the diffusion of elec-
trons. (Supplementary Materials)
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Nowadays, organo-lead halide is one of the most interesting materials for perovskite solar cells. This is because of its ease of
fabrication, long absorption wavelength region, and long diffusion length. In this study, we investigated the bandgap tuning of
hybrid mixed-halide perovskite films. The films were prepared by sequential two-step deposition technique, using 5-ammonium
valeric acid iodide (5-AVAI), PbI2, and a mixture of CH3NH3I and CH3NH3Br as precursor solutions. The results confirmed
the formation of 2D perovskites in the presence of 5-AVAI. The obtained films had higher moisture resistance, better surface
coverage, and smaller grain size, compared to the films without 5-AVAI. With the introduction of Br− ions, the change in the
lattice parameter was observed. The bandgap was also found to increase with increasing Br− content.

1. Introduction

Perovskite solar cells have currently gained a prominent
attention in the academic community and in the solar cell
industry. It is the fastest advancing energy technology in
the world, growing from an efficiency of just 3.8% in 2009
[1] to over 22% in 2017 [2]. The only major concern in the
field of perovskite research is the stability of the devices and
the use of lead in perovskite compounds. For the latter issue,
lead alternatives have been proposed to be used in perovskite
solar cells. However, the power conversion efficiency of such
devices is still significantly behind lead-based devices.

A perovskite structure is anything that has the generic
form ABX3, where A is a large atomic or an organic cation
(i.e., CH3NH3

+ andCH(NH2)2
+), B is a positively charged cat-

ion (i.e., Pb2+ and Sn2+), and X is a smaller atom which is
negatively charge (anion) (i.e., Cl−, I−, and Br−). In the case
of perovskite solar cells, the most efficient devices so far have
been produced with the 3-dimensional (3D) organic-

inorganic halide perovskite, in which CH3NH3
+ as an organic

cation, Pb2+ as a big inorganic cation, and halide ions such as
Cl− and I− as slightly small anions. Such perovskite mate-
rials can be made of cheap raw materials in a relatively
simple manufacturing process. Additionally, they possess
interesting optical and electronic properties including
broad absorption spectrum, fast charge separation, long
charge and exciton diffusion length, long carrier separation
lifetime, and tunable bandgap.

The drawbacks of this material is that it is an ionic crystal
and unstable against moisture. Previous researches have
shown that there are several reaction pathways leading to deg-
radation such as the reactions withwater and oxygen and even
the diffusion of electrode materials [3]. To improve the resis-
tance to moisture, several approaches have been made in all
areas of perovskite processing, including mixed-phase perov-
skites and two-dimensional (2D) perovskite structures [4, 5].

While the best perovskite structures with high and uni-
form qualities of the deposited films have been fabricated
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with vacuum deposition methods, such processes are compli-
cated. Low-temperature solution deposition routes, on the
other hand, offer a much simpler process. Recent improve-
ments to device solution-based processing have led to signif-
icant increases in the surface coverage while reducing the
surface roughness [6, 7]. In this study, we investigated the
possibility to tune the energy bandgap of mixed-cation
perovskite in the presence of ammonium valeric acid iodide
(5-AVAI). A combination of Br− halide ions was also incor-
porated into the perovskite structure, using precursor solu-
tions of CH3NH3I and CH3NH3Br with various molar ratios.

2. Materials and Methods

2.1. Materials. Lead iodide (PbI2) was purchased from
Aldrich Chemistry. Methylammonium iodide (CH3NH3I
(MAI)), methylammonium bromide (CH3NH3Br (MABr)),
5-ammonium valeric acid iodide (C5H12INO2 (5-AVAI)),
and fluorine-doped tin oxide (FTO) conductive glass sub-
strates (TEC8, 8Ω/square) were purchased from Dyesol.
N,N-Dimethylformamide (DMF) and 2-propanol were pur-
chased fromAjax Finechem Pty Ltd. All chemicals were com-
mercially available and used without further purification.

2.2. Precursor Preparation. MAIxBry precursor (10mg/ml)
was prepared by mixing various molar ratios (100 : 0,
75 : 25, 50 : 50, 25 : 75, and 0 : 100) of MAI and MABr in
2-propanol. 0.95ml 1M PbI2 and 0.05ml 1M 5-AVAI (5%
5-AVAI) in DMF were mixed together under stirring at 70°C.

2.3. Film Preparation. Fluorine-doped tin oxide (FTO) con-
ductive glass substrates with dimensions of 2 5 cm × 2 5 cm
were first cleaned with distilled water, ethanol, and acetone
and then dried in an oven at 70°C. The perovskite films were
then prepared by the sequential two-step deposition tech-
nique. 20μl of mixed PbI2+5-AVAI solution was first intro-
duced onto the FTO substrates by spin-coating at 3000 rpm
for 30 s under ambient condition. After annealing at 70°C
for 10min, a MAIxBry precursor solution (~200μl) was sub-
sequently spin-coated on top at 3000 rpm for 30 s. This step
was repeated 5 times to ensure an excess supply of organic
precursors for complete reactions of perovskite films. The
films were finally annealed at 70°C for 20min.

2.4. Characterization. XRD analyses of perovskite films were
performed using a Shimadzu XRD-6100 diffractometer with
Cu Kα radiation (λ = 0 154056 nm, 40 kV, and 30mA). The
optical properties were measured by ultraviolet-visible
(UV-vis) absorption spectra (UV-1800, Shimadzu). The
energy bandgap was calculated using the Tauc plots [8] of
αE = A E − Eg

1/2, where α is the absorption coefficient, E
is energy, Eg is energy bandgap, and A is a constant. Raman
spectra were obtained using a Bruker Senterra Infinity 1
Ramanmicroscope. Field-emission scanning electronmicros-
copy (FE-SEM) (Mira3, Tescan) was employed to determine
the surface morphologies of the perovskite films. All of the
samples were gold coated to ensure good electrical conductiv-
ity. For themoisture stability test, all the perovskite films were
put into a container, in which the air humidity was held

constant by employing a beaker filled with saturated salt solu-
tions. The salt, NaCl, was used for controlling the humidity
level to 75% relative humidity (RH).All experimentswere per-
formed at room temperature.

3. Results and Discussion

In this research, 5% 5-AVAI was used for film preparation.
Generally, the introduction of 2D perovskites into 3D coun-
terparts has been shown to enhance the environmental sta-
bility to the 3D structure. This is because 2D perovskites
are formed on the 3D perovskite grains to passivate interfa-
cial defects and vacancies and enhance moisture resistance
[9]. Previous researches have reported that the addition of a
suitable amount of bulky organic cations, i.e., 5-AVA cations,
between the anionic layers to induce the formation of 2D
perovskites would result in smoother 2D perovskite layers
with a better coverage, which is one of the possible reasons
to improve the stability of perovskite films [5, 10]. Based on
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Figure 1: XRD patterns of MAPb(I1-xBrx)3 prepared from MAI
+MABr precursor solution at various molar ratios: (A) 100 : 0 w/o
5-AVAI; (B) 100 : 0; (C) 75 : 25; (D) 50 : 50; (E) 25 : 75; and (F)
0 : 100. (I =MAPbI3, Br =MAPbBr3,

∗ = FTO).
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Figure 2: Absorption spectra ofMAPb(I1-xBrx)3 prepared fromMAI
+MABr precursor solution at various molar ratios: (A) 100 : 0 w/o
5-AVAI; (B) 100 : 0; (C) 75 : 25; (D) 50 : 50; (E) 25 : 75; and (F) 0 : 100.
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our previous work, it has been found that 5% 5-AVAI was
likely to be the optimized content for the preparation of 2D
perovskite in 3DMAPbI3 due to its uniform and smooth sur-
face with no pinhole and complete surface coverage. In addi-
tion, perovskite films with 5% 5-AVAI addition have the
bandgap matching with that of 3D MAPbI3. At other
5-AVAI contents, the bandgap tended to slightly decrease.

Figure 1 presented the XRD patterns of the perovskite
films. The traditional MAPbI3 film (Figure 1(a)) clearly
showed the three main peaks at 14.83°, 25.21°, and 29.13°,
which could be indexed to the (110), (220), and (310) planes
of tetragonal perovskite structure, respectively [11]. Similar

(a) (b)

(c) (d)

(e) (f)

Figure 3: Photographs of MAPb(I1-xBrx)3 prepared from MAI
+MABr precursor solution at various molar ratios: (a) 100 : 0 w/o
5-AVAI; (b) 100 : 0; (c) 75 : 25; (d) 50 : 50; (e) 25 : 75; and (f) 0 : 100.
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Figure 4: Tauc plots of MAPb(I1-xBrx)3 prepared fromMAI+MABr
precursor solution at various molar ratios: (A) 100 : 0 w/o 5-AVAI,
(B) 100 : 0, (C) 75 : 25, (D) 50 : 50, (E) 25 : 75, and (F) 0 : 100.

Table 1: Absorption edge and bandgap of MAPb(I1−xBrx)3
prepared from MAI+MABr precursor solution at various molar
ratios.

MAI :MABr Absorption edge (nm) Bandgap (eV)

100 : 0 (w/o 5-AVAI) 793 1.56

100 : 0 793 1.56

75 : 25 780 1.59

50 : 50 601 2.06

25 : 75 574 2.17

0 : 100 510 2.43
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Figure 5: Raman spectra of MAPb(I1-xBrx)3 prepared from MAI
+MABr precursor solution at various molar ratios: (A) 100 : 0 w/o
5-AVAI, (B) 100 : 0, (C) 75 : 25, (D) 50 : 50, (E) 25 : 75, and (F)
0 : 100.
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XRD patterns were also observed for the 5-AVAI/MAI
mixed perovskites (Figure 1(b)). With the addition of Br−

ions in the precursor solution, the shift in XRD peaks to
larger angles was observed, corresponding to a decrease in
the lattice parameter. This could be due to the difference in
the ionic radius of Br− and I− ions [12]. These films could,
therefore, suffer from severe structural disorder and high
density of traps. Nevertheless, no characteristic peak of PbI2
was observed, illustrating that all PbI2 was fully converted
to perovskite crystals.

The XRD patterns of MAPbBr3-rich perovskites
(Figures 1(d)–1(f)) showed that it had a highly crystalline
cubic phase. An additional diffraction peak at approximately
9.01° (marked with a black arrow), corresponding to the

interlayer d-spacing of 9 7Å, was also observed. This peak
provided an evidence of the formation of a 2D perovskite lay-
ered structure [13]. This could be due to the relatively small
ionic radius of Br− and the intercalation of the organic moiety
from 5-AVAI, which allowed the formation of layered struc-
ture [5, 13]. In general, the perovskites made from mixed
organic cations, especially with large 5-AVA cations, could
produce a 2D layered structure [5]. Although no clear evi-
dence of the peaks related to the 2D structure was observed
for other films with 5-AVAI (Figures 1(b) and 1(c)), it might
be because only a thin layer of 2D perovskite was formed, on
top which a pure 3D perovskite was crystallized [5].

Figure 2 shows the absorption spectra of the films
obtained by 5% 5-AVAI with various amount of I− : Br−

(a) (b)

(c) (d)

(e) (f)

Figure 6: FE-SEM images of MAPb(I1-xBrx)3 prepared from MAI+MABr precursor solution at various molar ratios: (a) 100 : 0 w/o 5-AVAI;
(b) 100 : 0; (c) 75 : 25; (d) 50 : 50; (e) 25 : 75; and (f) 0 : 100.
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ratios. For the MAPbI3 perovskite with 5-AVAI addition
(Figure 2(b)), the absorption band edge matched with that
of 3D MAPbI3 perovskite without 5-AVAI (Figure 2(a)).
The absorption edges, however, were blue-shifted with
increasing Br− content. For MAPbBr3-rich perovskites
(Figures 2(d)–2(f)), on the other hand, the prominent peaks
at approximately 486-556 nm were observed. The peaks were
also blue-shifted as the Br− content was increased. This was
reported to be a result of exciton absorption attributed to
the 2D quantum confinement [13]. Similar results were also
observed for PbI2 crystal intercalated with organic molecules
[14]. Bandgap tunability of perovskite could be clearly seen
from the photographs of deposited films (Figure 3). From
the figure, the perovskite films turned from dark-red/black
color to red color and finally to yellow color as the Br− con-
tent was increased.

In this study, it could be clearly observed that the band-
gap of the perovskite could be tuned by varying the molar
ratios of the mixed halide (MAI :MABr). The Tauc plots
and calculated bandgap values were shown in Figure 4 and
Table 1, respectively. A large bandgap variation from 1.56
to 2.43 eV was observed from 100 : 0 (MAPbI3) to 0 : 100
(MAPbBr3) molar ratios. The enlargement of bandgap with
increasing Br− content could be due to a strong dependence
of electronic energies on the effective exciton mass [15].
The above result was confirmed with a clear blue shift in
the UV-vis absorption band edge in the absorption spectra

as shown in Figure 2 and Table 1. The absorption onset of
MAPbI3 was located at 793nm, while that of MAPbBr3 thin
film was blue-shifted to 510nm.

Figure 5 compared the Raman spectra of the perovskite
films obtained with laser excitation at 532nm. For the films
with low Br− content, the distinct peaks at 148 cm−1 were
observed, which could be assigned to the vibrational mode
of the organic cation. The films also showed Raman peaks
at 69 cm−1 and 110 cm−1, which were associated to the vibra-
tion modes of organic cations and PbI2-layered crystal,
respectively. For MAPbBr3-rich perovskites (Figures 5(d)–
5(f)), the films exhibited Raman broad bands at 50-
200 cm−1. These bands composed of a number of superim-
posed peaks, which were very similar to that of PbI2 interca-
lated with organic molecules [15, 16], as discussed earlier.
This result confirmed the presence of the 2D layered perov-
skite structure.

The effect of 5-AVAI and Br− ions on the morphology of
the perovskite films was investigated by FE-SEM analysis.
The surface FE-SEM images of all the perovskite films were
shown in Figure 6. It could be seen that the tightly compact
perovskite crystals with free pinhole and smaller grain size
were obtained with the incorporation of 5-AVAI. This could
be due to the promotion of perovskite nucleation by the
bulky 5-AVA cations. No needle-like PbI2 structures were
observed in the films, confirming that PbI2 was fully con-
verted into perovskite, as discussed in XRD analysis. With
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Figure 7: XRD patterns and photographs of degradedMAPb(I1-xBrx)3 prepared fromMAI+MABr precursor solution at various molar ratios:
(A) 100 : 0 w/o 5-AVAI, (B) 100 : 0, (C) 75 : 25, (D) 50 : 50, (E) 25 : 75, and (F) 0 : 100. (I =MAPbI3, Br =MAPbBr3,

∗ = FTO.)

5International Journal of Photoenergy



increasing Br− content, larger grain size and pinholes were
observed. Previous works [11, 17] has shown that methylam-
monium bromide (MABr) solution could induce Ostwald
ripening process, converting the MAPbI3 films into high-
quality MAPb(I1-xBrx)3 perovskite films with large grain size.
Larger pinholes could be a result of distorted structure and
the incomplete perovskite formation. It was found that both
MAI and MABr could not dissolve together very well in
DMF solvent. This would cause high reaction rate of the
perovskite crystals, resulting in thin films with pinhole for-
mation and incomplete surface coverage [18].

Figure 7 shows the XRD patterns and the film quality
after exposure to air for 9 days at a controlled humid
environment (75% RH). For the films with 5-AVAI
(Figures 7(b)–7(f)), the crystalline nature was still confirmed.
The films still remained intact, although the films experi-
enced color fading. For films prepared without 5-AVAI, after
a 9-day exposure in air, the color was changed from dark-
red/black to slightly brown/colorless. This was different than
what have been previously reported, in which the films
turned to yellow color due to the film degradation to PbI2
when reacting with moisture. In addition, the films showed
remarkable change in the intensity of characteristic perov-
skite XRD peaks. Additional peaks at 8.83° and 9.33° were
observed, which corresponded to the (001) and (100) planes
of colorless monohydrate CH3NH3PbI3·H2O, respectively.
Such monohydrate phase is generally an intermediate prod-
uct, which could be driven to form the dehydrate and finally
the PbI2 upon prolonged exposure to water vapor [19]. The
presence of this phase could then confirm the moisture insta-
bility of the perovskite films without 5-AVAI addition. The
stability of the films with 5-AVAI was additionally confirmed
with light absorption behavior of the films, as shown in
Figure 8. Without 5-AVAI addition, the absorbance of the
film degraded completely, indicating the film degradation
under relative humidity of 75% RH. The absorbance, how-
ever, still remained stable in the films with 5-AVAI, although

a decrease in an intensity of excitonic peaks from 2D struc-
ture was observed.

4. Conclusions

In conclusion, we reported the formation of 2D mixed
organic-halide perovskite with tunable bandgap and good
moisture resistance. The bandgap of perovskite films could
be tuned from 1.56 eV to 2.43 eV by replacing I− ions with
smaller Br− ions. However, the film quality was degraded
with the introduction of Br− ions. This could be due to
incomplete dissolution of mixed MAI and MABr precursor
solutions. The results, however, could be useful for the devel-
opment of the graded structure of perovskite, allowing the
possible development of hole conductor-free solar cells or
efficient light absorbers for perovskite solar cells.
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The photocatalyzed water splitting reaction in aqueous methanol solution is an efficient preparation method for hydrogen and
methanal under mild conditions. In this work, metal sulfide-loaded TiO2 photocatalysts for hydrogen and methanol production
were synthesized by hydrothermal method (180°C/12 h) and characterized by X-ray diffraction (XRD), UV-visible diffuse
reflectance spectroscopy (DRS), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). The
crystal structures of the samples are the typical anatase phase of TiO2 and exhibit a spherical morphology. When TiO2
was loaded with CoS, ZnS, and Bi2S3, respectively, the resulting catalysts showed photocatalytic activities for water
decomposition to hydrogen in aqueous methanol solution under 300W Xe lamp irradiation. Among the photocatalysts
with various compositions, the 20wt% CoS/TiO2 sample with a 2.1 eV band gap showed the maximum photocatalytic
activity for the photocatalytic reaction, which indicated that CoS improved the separation ratio of photoexcited electrons
and holes. The enhanced activity can be attributed to the intimate junctions that are formed between CoS and TiO2,
which can reduce the electron-hole recombination. The production rate of hydrogen with 20wt% CoS/TiO2 photocatalyst
was about 5.6mmol/g/h, which was 67 times higher than that of pure TiO2. The formation rate of HCHO was 1.9mmol/g/h
with 98.7% selectivity. Moreover, the CoS/TiO2 photocatalyst demonstrated good reusability and stability. In the present
study, it is demonstrated that CoS can act as an effective cocatalyst to enhance the photocatalytic hydrogen and methanal
production activity of TiO2. The highly improved performance of the CoS/TiO2 composite was mainly ascribed to the
efficient charge separation.

1. Introduction

Photocatalytic water splitting into hydrogen, a renewable,
clean-burning, and environmental-friendly fuel for future
energy sources, is considered as one of the most significant
and attractive solutions to solve the global energy and
environmental problems [1–3]. A previous study found that
adding methanol (CH3OH) to pure water can dramatically
enhance H2 production, suggesting that CH3OH plays a
crucial role in H2 production [4]. Methanol is used as a raw
material for the industrial production of methanol through
an oxidation reaction using Ag, Cu, or V2O5 as catalysts.
However, this process requires high temperatures of 700–
900K and expensive catalysts. Photocatalytic production of

both hydrogen and methanol from aqueous methanol
solution using photocatalysts is an efficient approach to
address the above problems. Moreover, the photocatalytic
reaction conditions are mild compared to industrial methods.
Fujishima and Honda first observed the splitting of water at
a TiO2 electrode under the irradiation of ultraviolet (UV)
light in 1972 [5]. Since then, TiO2 is considered one of the
most promising semiconductor photocatalysts due to its
superior photo reactivity, nontoxicity, long-term stability,
and low cost [1, 6]. TiO2 has also received a lot of attention
as a photocatalyst for hydrogen production [7, 8]. However,
the photocatalytic decomposition of water on pure TiO2
photocatalyst is ineffective. One reason is that the produc-
tion of hydrogen is limited by the rapid recombination of
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photoexcited holes and electrons. To improve the photocat-
alytic efficiency, one of the effective strategies is to develop
cocatalyst-modified photocatalysts [9–13]. According to
previous research, CdS photocatalysts facilitate the produc-
tion of H2 by promoting the separation of photoexcited
electrons and holes [14–16]. However, CdS is noxious,
environmentally hazardous, and costly [17]. Therefore,
developing suitable photocatalysts for H2 production is
important and extremely urgent. Our research is focused
on the development of nontoxic, environmentally friendly,
and inexpensive promoters, such as CoS, ZnS, and Bi2S3.
Although metal sulfides have demonstrated high activity
in H2 involving reactions in heterogeneous catalysis, CoS
has rarely been used as a cocatalyst in photocatalytic H2
production. In our research, different photocatalysts were
successfully prepared through the hydrothermal method
and were characterized using XRD, UV-visible DRS, SEM,
and EDX analyses. CoS, ZnS, and Bi2S3 were investigated
as cocatalysts for photocatalytic H2 and methanal produc-
tion from methanol solution under 300W Xe lamp irra-
diation. The stability and reusability of the catalyst were
also evaluated.

2. Experimental

2.1. Catalyst Preparation. All the chemicals were of reagent
grade and used as received without any further purification.

The metal sulfide samples were prepared by the hydro-
thermal method [18]. In a typical procedure, 5mL deionized
water and 20mL ethyl alcohol were stirred at room tempera-
ture for 0.5 h. Different metal salts (Co(NO3)3·6H2O, 1.46 g;
Zn(CH3COO)2, 0.92 g; Bi(NO3)3·5H2O, 1.62 g) and thiourea
((NH4)2S, 0.38 g), which were used as the Co, Zn, Bi, and S
precursors, were added to the above solution. The mixture
was continuously stirred for 0.5 h and ultrasonicated for
0.5 h to obtain a well-mixed solution. The mixture was then
transferred to a Teflon-lined autoclave and heated at 180°C
for 12 h. The resulting precipitate was collected by centrifu-
gation and washed successively with distilled water and
ethanol three times to remove unbound impurities. It was
then dried at 60°C in air for 12h and ground for 1 h.

The metal sulfide-loaded TiO2 samples were prepared
by the hydrothermal method [19]. In a typical procedure,
different amounts of CoS powder were dissolved in 1mL
tetrabutyl titanate and 5mL ethyl alcohol, and the mixture
was stirred at room temperature for 0.5 h. Then, 20mL
deionized water and ammonia water (to adjust pH=10)
were added to the above solution. The solution was continu-
ously stirred for 0.5 h and ultrasonicated for 0.5 h to achieve a
well-mixed solution. The mixture was then transferred to a
Teflon-lined autoclave and heated at 180°C for 12 h. The
resulting precipitate was collected by centrifugation and
washed successively with distilled water and ethanol three
times to remove unbound impurities. The product was then
dried at 60°C in air for 12h and ground for 1 h and labeled
as CoS/TiO2.

The procedure for the preparation of TiO2, ZnS/TiO2,
and Bi2S3/TiO2 was the same as that for CoS/TiO2, except
for the different precursors.

2.2. Characterization of Catalysts. The phase compositions
of the samples were determined from their XRD pat-
terns, which were obtained using an X’Pert X-ray diffrac-
tometer (PANalytical, Netherlands) using Cu Kα radiation
(λ = 0 15406nm) at a scan rate of 2°/min from 20° to 80°

(2θ). The accelerating voltage and applied current were
40 kV and 30mA, respectively [20].

The micro structures of the samples were determined
using SEM images obtained at an accelerating voltage of
20 kV using a ZEISS SIGMA instrument.

The UV–vis diffuse reflection spectra (DRS) were
recorded using a Varian Cary 500 Scan UV–vis–NIR spec-
trometer with BaSO4 as the reference sample. The reflectance
spectra were transformed into absorption intensity by using
Kubelka-Munk method.

2.3. Catalytic Performance. The photocatalytic reactions were
carried out in a sealed quartz tube reactor (volume, 25mL).
The light source was a 300W Xe lamp. The solid catalyst
powder (25mg) was ultrasonically dispersed in 5.0mL of
mixed solution containing 76wt% CH3OH and 24wt%
H2O. Then, the reactor was evacuated and filled with high-
purity (99.999%) nitrogen. The photocatalytic reaction was
carried out at room temperature for 12 h. After the reaction,
the liquid products were analyzed by high-performance
liquid chromatography (HPLC, Shimadzu LC-20A) with
both refractive index and UV detectors. The stationary phase
was a Shodex SUGARSH-1011 column (8× 300mm) and the
mobile phase was a dilute H2SO4 aqueous solution. H2 con-
tents were analyzed by an Agilent Micro GC3000 equipped
with a molecular sieve 5A column and a high-sensitivity
thermal conductivity detector [21].

3. Results and Discussion

3.1. Characterization of the Samples. The crystalline phases of
the samples were characterized by their XRD patterns.
Figure 1 shows the XRD patterns of CoS/TiO2, ZnS/TiO2,
and Bi2S3/TiO2 nanoparticles. For all the samples, the peaks
at 2θ = 25 1°, 37.6°, 48.0°, 53.8°, 55.0°, and 62.7° can be attrib-
uted to the typical anatase phase of TiO2 (JCPDS: 21–1272)
[22]. The XRD patterns show that the loading of metal sulfide
nanoparticles did not change the crystal structure of TiO2.
The peaks at 2θ = 28 7° and 29.9° with low intensity can be
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Figure 1: XRD patterns of CoS/TiO2, ZnS/TiO2, and Bi2S3/TiO2.
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attributed to CoS [23]. The peak at 2θ = 28 6° with a low
intensity is due to ZnS [24]. The peaks at 2θ = 28 0°, 29.3°,
and 32.5° with low intensity can be attributed to Bi2S3 [25].

3.2. UV–Vis Diffuse Reflection Spectra (DRS). Figure 2 shows
the DRS of TiO2, CoS/TiO2, ZnS/TiO2, and Bi2S3/TiO2 sam-
ples. It can be observed from the spectra that the metal
sulfide-loaded TiO2 samples have enhanced absorption in
the visible-light region compared to pure TiO2. Specifically,
CoS/TiO2 showed stronger absorption than ZnS/TiO2 and
Bi2S3/TiO2. Compared to pure TiO2 and metal sulfide-
loaded TiO2, the broader absorption bands can be attributed
to the type of loaded metal sulfide nanoparticles. The (ahv)1/2

vs (hv) spectra were obtained from the corresponding diffuse
reflectance spectra by means of the Kubelka-Munk function
[26]. Figure 3 shows the curves of (ahv)1/2 vs (hv) for the
samples. By extrapolating the linear portion of the curves to
(ahv)1/2 = 0, the Eg values of TiO2, CoS/TiO2, ZnS/TiO2,
and Bi2S3/TiO2 were determined to be 3.4 eV, 2.1 eV,
3.2 eV, and 2.4 eV, respectively. As a result, CoS/TiO2 has
the largest visible light absorption capacity and the smallest
band gap energy. This result is consistent with the fact
that the increase in wavelength range of absorption edge
in semiconductors is related to the decrease in optical
absorption edge energy.

3.3. Morphologies of Samples. SEM and EDX analyses of the
samples were carried out to determine the morphologies,
polycrystalline structure, and elemental composition of the
samples. The SEM images of 20wt% CoS/TiO2, 40wt%
CoS/TiO2, and 60wt% CoS/TiO2 samples are presented in
Figures 4(a)–4(c), respectively. It can be seen in Figure 4(a)
that most of the crystallites are spherical, and their morphol-
ogies are almost the same. It can be seen in Figures 4(b) and
4(c) that the crystallite shape transforms from particles to
platelets with increase in content of CoS. The SEM images
indicate that 20wt% CoS/TiO2 nanoparticles showed the best
dispersion among all the samples. The EDX spectrum in
Figure 4(d) for 20wt% CoS/TiO2 sample shows the signals
of Ti, O, Co, and S elements.

3.4. Photocatalytic Performance of Samples. The photocata-
lytic activities of TiO2, CoS/TiO2, ZnS/TiO2, and Bi2S3/
TiO2 samples were evaluated using the photocatalytic hydro-
gen generation reaction in aqueous methanol solution. The
results are shown in Figure 5. As can be seen from the figure,
the loaded metal sulfides have a significant influence on the
photocatalytic activity of TiO2. When there was no metal
sulfide, pure TiO2 showed low photocatalytic activity because
of the rapid recombination between Conduction Band (CB)
electrons and Valence Band (VB) holes [27]. Moreover, we
found that CoS is a better cocatalyst for H2 production
than ZnS and Bi2S3. The photocatalytic activity of the sam-
ples decreased in the following order: CoS/TiO2>Bi2S3/
TiO2>ZnS/TiO2>TiO2. In the liquid phase reaction, HCHO
was the major product along with H2.

Figure 6 shows a comparison of the photocatalytic
H2 production activities of the 5wt%, 10wt%, 20wt%,
40wt%, and 60wt% CoS/TiO2 samples in aqueous methanol

solution. As can be seen from the figure, the content of CoS
has a significant influence on the photocatalytic activity of
TiO2. The photocatalytic activity of the samples increased
as the content of CoS increased from 5% to 20%. The highest
hydrogen and methanal production rates were obtained for
the 20wt% CoS/TiO2 sample. The H2 formation rate was
5.6mmol/g/h, which is 67 times higher than that of pure
TiO2. The formation rate of HCHO was 1.9mmol/g/h with
98.7% selectivity. As shown in Figure 6, further increase in
CoS content resulted in reduced photocatalytic activity.
Based on the Debye-Scherrer equation, the calculated crystal-
line lattice sizes are summarized in Table 1. It is clear that the
lattice size increased with the content of the CoS composite,
indicating that the introduction of CoS can accelerate the
aggregation and growth of TiO2 nanocrystals. As a result,
although an appropriate CoS content plays a role in increas-
ing the photocatalytic activity, the larger TiO2 nanocrystals
lead to decreased photocatalytic activity. Moreover, we
speculate that the reaction mechanism involves the activation
of C–H bond and O-H bond in methanol by photoexcited
holes on CoS/TiO2 surface. The photogenerated electrons
will transfer to the surface of CoS/TiO2 and reduce protons
to H2.

The capability for reuse is one of the most important
factors for an ideal photocatalyst. Hence, the reusability and
stability of the 20wt% CoS/TiO2 sample were investigated.
The sample was collected after each photocatalytic H2 pro-
duction experiment and reused for five times. Figure 7 shows
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Figure 2: UV–vis DRS of the samples.

1.5
hv (eV)

2.0 2.5 3.0 4.03.5 4.5 5.0 5.5 6.0

(a
hv

)1/
2

1.8
1.6
1.4
1.2 Bi2S3/TiO2

CoS/TiO2

ZnS/TiO2
TiO2

1.0
0.8
0.6
0.4
0.2
0.0

Figure 3: Plots of (ahv)1/2 vs (hv) for estimating optical band gaps
of the samples.

3International Journal of Photoenergy



the results of five successive H2 production runs under the
same experimental conditions. It can be seen that 20wt%
CoS/TiO2 does not exhibit a significant loss in photocatalytic
activity in the five recycles.

3.5. Reaction Mechanism. A possible mechanism for the H2
and HCHO production over the CoS/TiO2 photocatalyst
proposed is shown in Figure 8. Obviously, the CoS/TiO2
sample as an oxidation and reduction semiconductor can
be excited under simulated solar light irradiation. Subse-
quently, the photogenerated holes will migrate to the host
photocatalyst surface, react with methanol, and drive the

(a) (b) (c)

(d)

Figure 4: (a) SEM image of 20wt% CoS/TiO2, (b) SEM image of 40wt% CoS/TiO2, (c) SEM image of 60wt% CoS/TiO2, and (d) EDX
spectrum of 20wt% CoS/TiO2.
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Figure 5: Photocatalytic H2 production activity of the samples.
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Figure 6: Photocatalytic H2 production activity of CoS/TiO2.

Table 1: Lattice size of CoS/TiO2.

Sample FWHM (rad) 2Theta (°) Lattice size (nm)

5wt% CoS/TiO2 0.90 25.24 8.85

10wt% CoS/TiO2 0.88 25.24 9.37

20wt% CoS/TiO2 0.87 25.24 9.98

40wt% CoS/TiO2 0.55 25.24 15.79

60wt% CoS/TiO2 0.51 25.25 17.03
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Figure 7: Recycling of 20wt% CoS/TiO2 for photocatalytic
H2 production.

4 International Journal of Photoenergy



generation of HCHO. Photogenerated electrons in the CB of
TiO2 could quickly transfer to CoS and recombine with holes
in the VB of CoS. Then, the electrons in the CB of CoS with
stronger reduction ability could drive the generation of H2.
Clearly, TiO2 lacks the active sites for H2 evolution, so the
rate of H2 evolution on pure TiO2 is extremely low. However,
when the photogenerated electrons transfer from TiO2 to the
CoS particles, protons can be efficiently reduced to produce
H2 because CoS is a good cocatalyst for the reduction of pro-
tons. Moreover, intimate junctions can be formed between
CoS and TiO2, which can facilitate the electron transfer from
TiO2 to CoS and reduce the electron and hole recombination.

4. Conclusion

Metal sulfide-modified TiO2 catalysts were synthesized using
the hydrothermal method. We found that H2 formation on
CoS/TiO2 is considerably more efficient than on ZnS/TiO2
and Bi2S3/TiO2. The results showed that CoS/TiO2 had the
best photocatalytic activity in the H2 and HCHO production
reactions under 300W Xe lamp irradiation. The enhanced
activity can be attributed to the intimate junctions that are
formed between CoS and TiO2, which can facilitate the
electron transfer from TiO2 to CoS and reduce the electron-
hole recombination. The experimental results showed that a
suitable amount of CoS could significantly enhance the
photocatalytic activity of TiO2 for H2 and methanal pro-
duction. This result is consistent with SEM analysis of
the samples, which showed the highly dispersed nature
of the 20wt% CoS/TiO2 sample. The maximum photocat-
alytic activity was obtained for 20wt% CoS/TiO2, with
hydrogen formation rate of 5.6mmol/g/h and HCHO for-
mation rate of 1.9mmol/g/h with selectivity of 98.7%. More-
over, the CoS/TiO2 photocatalyst showed good reusability
and stability.
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