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Semiconductor-based photocatalytic, photoelectrochemical,
and photovoltaic solar-energy conversion has been consid-
ered very promising to address the energy and environmental
challenges. At the heart of the technology is the lack of
suitable semiconductor materials and efficient systems that
can perform the solar-energy conversion efficiently and
inexpensively. Much work needs to be done in this research
field, for instance, full control of growth characteristics
and physicochemical properties of targeted semiconductor
materials and rational design of systems efficiently utilizing
incident solar light.

Themain objective of this special issue is to bring together
researchers and engineers working on semiconductor-based
solar-energy conversion and to bridge between fundamental
materials research and solar-energy conversion. After critical
peer review, 6 papers of high quality were selected from
many submissions. The topics of all the accepted papers
are closely related to the subject of this thematic issue.
As per photovoltaic solar-energy conversion, N. H. Samrat
et al. reported the modeling, control, and simulation of
a PV-wave energy hybrid power generation system that is
assumed to be used for island electrification in Malaysia. The
concept is interesting and theoretically applicable. J. Zheng
et al. described an interesting solar tracking error analysis
for Fresnel reflector. Considering the rapidly increased use
of Fresnel reflector in concentrating PV, the error analysis
could be of importance for the design of such PV system.
Tseng et al. reported an interleaved boost converter with
coupled inductor for PV energy conversion. The proposed

soft-switching boost converter uses an interleaved method to
increase its power density and coupled-inductor technology
to extend its step-up voltage ratio. The proposed strategy
has been demonstrated to be quite suitable for PV energy
conversion.

Other three papers are related to the photocatalytic,
photoelectrochemical application of semiconductor film as
electrodes or powders as photocatalysts. Their work repre-
sented important progress in the design of semiconductors
with multiple compositions, functional nanostructures, and,
most importantly, enhanced properties. So the reported work
is expected to be of interest for a broad range of readership.

In summary, semiconductor-based photocatalytic, pho-
toelectrochemical, and photovoltaic solar-energy conversion
is gainingmore andmore attention, and the papers presented
in this special issue represent the important progress in their
research. Nevertheless, many problems remain unresolved,
and more research is necessary. We look forward to new
progress on the basis of and beyond the work reported in this
issue.
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Depending on the rotational structure of Fresnel reflector, the rotation angle of the mirror was deduced under the eccentric
condition. By analyzing the influence of the sun tracking rotation angle error caused by main factors, the change rule and extent of
the influence were revealed. It is concluded that the tracking errors caused by the difference between the rotation axis and true north
meridian, at noon, were maximum under certain conditions and reduced at morning and afternoon gradually. The tracking error
caused by other deviations such as rotating eccentric, latitude, and solar altitude was positive at morning, negative at afternoon,
and zero at a certain moment of noon.

1. Introduction

Solar energy is plentiful and unlimited. Solar-photovoltaic
power generation and solar thermal power generation are
two basic solar-energy-utilization ways [1]. Owing to solar
thermal power generation performing good stability, high
reliability, long working time, and middle/high temperature
steam provision, solar thermal power generation is widely
focused in the energy field.

In 1960s, Giovanni Francica (Italy) firstly applied linear
Fresnel reflector (LFR) for development of linear and two-
axis tracking Fresnel steam generating system [2, 3]. From
then on, lots of research was gradually carried out. In order
to enhance the utilization of land area and reduce the shading
created by adjacent reflectors, Mills and Morrison invented
the multiabsorption towers technology based on compact
linear Fresnel reflector which was suitable for large-scale
solar thermal power plants [4, 5]. Mathur et al. proposed an
optimal design of thewidth of primarymirror [6]. Sootha and
Negi made optical design and focused characteristic research
about linear concentrating technology without secondary
reflectors [7]. Du et al. estimated the tracking and radiation
for LFR system by increasing the spacing between the
adjacent reflectors and got the best method for estimating
height [8]. Pu and Xia designed a small linear concentrating
test device, conducting the light tracing simulation and
concentration research [9].

The above research is carried out to optimize the key
components and eventually achieve the real-time sun track-
ing by the tracking program, so the concentrating system
and tracking accuracy are key components to realize the
high efficiency, high performance parameters in Fresnel solar
thermal power generation system. There are many ways to
realize the solar tracking. In the condition of low tracking
accuracy requirement or reducing complexity and costs, open
loop single axis tracking method can be used [10]. Du et
al. resolved sun vector properly by using vector method,
and then the tracking rotation angle was got after simple
geometric derivation, which was applicable to linear Fresnel
reflector without the eccentric structure [11].

This paper analyzes the main impact factors of the
tracking accuracy of Fresnel solar reflectors and calculated
the tracking error and its influence.

2. Fresnel Tracking System Error and Analysis

2.1. Fresnel Lens System Introduction. The LFR field which
are comprise of 11 rows of flat mirrors can be imagined
as a broken-up parabolic trough reflector by using linear
segments to focus the radiation, as Figure 1 shows. The
parabolic trough shape is simulated by several flat reflectors at
different positions, in order tomake the sunlight reflect to the
receiver tubes fixed on the top of mirrors. Each mirror must
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Figure 1: Diagram of the Fresnel solar reflection technology.

tracks accurately, to ensure the virtual parabolic shape and
keep the reflected solar radiation on the absorber all the time.
Therefore, improving tracking accuracy plays an important
role in promoting the collection efficiency [12].

The tracking error of Fresnel reflectors could be affected
by time, mirror exocentric structure, collector orientation,
height of absorbers, axis position, solar altitude angle, and so
on. This paper analyzed the influence of these factors on the
tracking error.

2.2. The Analysis of Tracking System Rotation Angle. It is well
known that in order to track the sun the exact position of sun
is necessary. The main parameters of sun position are shown
in Figure 2, which are sun declination angle 𝛿, hour angle 𝜔,
elevation angle 𝜃, geographic latitude 𝜑, and longitude 𝜀. The
sunlight irradiates to point 𝑃 on the surface of earth, which
is determined by elevation angle ℎ

𝑠
and azimuth angle 𝜆 of

the tangent plane. The sun position in the tracking system is
calculated by international SPA algorithm whose accuracy is
0.0003∘ [13, 14].

In Figure 2, the sunlight irradiates to the center of mirror
(𝐿, 0, 0) at space vector of elevation angle ℎ

𝑠
and azimuth

angle 𝜆; reflection light is vector ⇀𝑟 , and the normal vector
of central point of mirror is ⇀𝑛 .The angle betweenmirror and
horizontal 𝑋-axis direction is 𝜃, and the location position of
reflected rays on collector tubes is (0, 𝑒,𝐻).

If the mirror rotation center is located on the center of
mirror, one has the following:

⇀
𝑟 = (
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𝑅
,
𝑒

𝑅
,
𝐻

𝑅
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Figure 2: Diagram of ray reflection of Fresnel technology.
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According to the law of light reflection, it is known that

𝑠
𝑦
cos 𝜃 = − 𝑒

𝑅
cos 𝜃,

𝑠
𝑥
cos 𝜃 + 𝑠

𝑧
sin 𝜃 = 𝐿

𝑅
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𝑅
sin 𝜃,

𝑠
𝑦
sin 𝜃 = − 𝑒

𝑅
sin 𝜃.

(2)

Then

tan 𝜃 =
𝐿/𝑅 − 𝑠

𝑥

𝐻/𝑅 + 𝑠
𝑧

,

𝑒 =
−𝑠
𝑦

√1 − 𝑠
2

𝑦

√𝐿2 + 𝐻2.

(3)

In the equation, 𝑠
𝑥
, 𝑠
𝑦
, 𝑠
𝑧
are the vector components of sun

position along the 𝑋, 𝑌, 𝑍 axis. The rotation angle of mirror
𝜃 and deviation distance e of reflected solar radiation in the
direction of absorber can be calculated at a certain moment.

There are two rotation methods for mirror rotation: one
is rotating around the geometric center of the mirror and
the other is using the reflector supporting shaft as rotation
center. This paper mainly analyzes the tracking error under
the second condition.

When the rotation axis is not located in the center
of mirror, 𝐿 and 𝐻 in formula (3) need to be replaced
by 𝐿-𝑅 sin 𝜃 and 𝐻-𝑅 cos 𝜃. Assuming that mirror width
is 800mm, spacing between adjacent reflectors is 200mm,
and focal length is 7m, the tracking error under different
deviation factors was obtained by computer program.

3. The Influence of Main Parameters
Deviation on Tracking Accuracy

3.1. The Influence of Frame Eccentric Error on Tracking Accu-
racy. Because the rotation axis of reflectors is not located at
the geometry center of the mirror, the orbit of incident point
on the mirror usually is an ellipse. Meanwhile, reflectors in
different columns rotate at different speeds at the same time,
which results in different tracking errors. Figure 3 shows that,
at winter solstice, when reflection mirror 1 and reflection
mirror inmiddle columnperformed 10 cmeccentric distance,
at 8:00, the tracking error is 0.26∘ and the tracking error of
reflection mirror 11 is 0.1∘. At 18:00, the tracking errors of
reflection mirrors 1, 6, and 11 are −0.12∘, −0.28∘, and −0.27∘,
and the minimum error happens at 15:00, 12:40, and 10:25,
respectively.

Eccentric deviation value has significant effect on the
tracking error. It is shown in Figure 4 that the maximum
tracking error at winter solstice, caused by different eccentric
distances (5, 10, 15, and 20 cm),mainly occurs at 8:00 or 18:00.
Nevertheless, the tracking error at around 12:40 is zero, and
the ratio of eccentric distance is consistent with the ratio of
tracking error.

In different dates throughout the year, the tracking error
caused by reflector eccentric also changes. As shown in
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Figure 3: The tracking error caused by eccentric deviation of
different column.

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

5 cm
10 cm

15 cm
20 cm

Er
ro

r (
∘ )

Hours of winter solstice day 

Figure 4: The tracking error caused by eccentric deviation of the
middle columns.

Figure 5, the maximum tracking error of middle column
(column 6) with a 10 cm eccentric deviation at the typical
dates of vernal equinox, summer solstice, autumnal equinox,
andwinter solstice happens at 8:00 and 18:00with about 0.23∘.
Especially, the maximum tracking error happens at winter
solstice.

Because of eccentric influence, different columns and
different time lead to different tracking error. On the same
day, there is a big error at morning and afternoon but almost
no error at a certain moment at noon.

3.2. The Influence of North-South Orientation Deviation
on Tracking Accuracy. Because geographic north/south is
different from geomagnetic north/south, there exists mag-
netic declination. The sun location algorithm is based on
geographic north and south; thus the truly geographical
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Figure 5: The tracking error on four typical days.
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Figure 6: The tracking error caused by north and south direction
negative deviation on four typical days.

north/south of solar field is very important for the tracking
system. Assuming that southwest is negative deviation for
solar field orientation, the influence of north-south orien-
tation deviation on tracking error can be simulated. The
variation trend of tracking error for different orientation
deviation (5∘ and 10∘) at vernal equinox, summer solstice,
autumnal equinox, and winter solstice is shown in Figure 6.

When the orientation axis lays west of 10∘, the tracking
error curves at winter solstice has the biggest slope. The
tracking error increases from 0.66∘ (8:00) to 4.5∘ (12:00), then
it decreases gradually. At 18:00, the value is around 0.08∘.

The tracking errors at vernal equinox and autumnal
equinox are much smaller than that at winter solstice. The
error value is positive, which means the mirror rotation
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Figure 7: The tracking error of solar altitude 0.2∘ deviation.

angle is bigger relative to theoretical tracking angle and
the tracking system runs too fast. Nevertheless, at summer
solstice, tracking error presents a negative value, which
implies that the tracking system is too slow.

The tracking error with an orientation axis deviation of
5∘ westward, comparing with an orientation axis deviation of
10∘ deviation, has a similar changing trend, but the value of
the former is about half of the latter.

3.3. The Influence of Center Height and Center Distance Devi-
ation on Tracking Accuracy. The height of middle column
(column 6) and center distance deviation performs no effect
on tracking error in each typical day.

When the height of reflectors shows −10 cm and −5 cm
deviation, its tracking error is 0.2∘ and 0.1∘, respectively.
When the center distance shows −10 cm deviation, its track-
ing error is 0.4∘. In the case of −5 cm deviation, its tracking
error is 0.2∘.

3.4. The Influence of Solar Altitude Angle Deviation on Track-
ing Accuracy. In the Fresnel solar concentrating system, solar
altitude angle is one of the key factors for calculating the sun
position. It is shown in Figure 7, when the deviation of solar
altitude angle is 0.2∘, that the tracking error from 8:00 to 11:00
and from 14:00 to 18:00 is about 0.1∘. The error is positive
in the morning (rotating too fast), while it is negative in the
afternoon (rotating too slow). In the three hours from 11:00 to
14:00, the error changes gradually from0.1∘ to−0.1∘. However,
at summer solstice, this change mainly occurs from 12:30 to
13:30.

3.5. The Influence of Geographical Latitude-Longitude Devia-
tion on Tracking Accuracy. Owing to the low energy density
of solar energy, it usually requires large area for solar power
generation; thus the geographical latitude longitudes are
different in different area of solar field. As shown in Figure 8,
when the longitude has 0.1∘ deviation at winter solstice, the
tracking error increases from 0.047∘ (at 8:00) to 0.062∘ (at
12:45) then decreases to 0.045∘ (at 18:00). The error value and
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Table 1: Effect of the tracing error for the middle mirror.

Influence factor Eccentric distance Eccentric distance Eccentric distance Eccentric distance
Value 10 cm 10 cm 10 cm 10 cm
Typical data Winter solstice Autumnal equinox Summer solstice Spring equinox
Maximum error 0.27∘ 0.23∘ 0.22∘ 0.24
Influence factor Eccentric distance Eccentric distance North and south deviation North and south deviation
Value 5 cm 15 cm −10∘ −10∘

Typical data Winter solstice Winter solstice Winter solstice Spring equinox
Maximum error 0.17∘ 0.4∘ 4.5∘ 1.6∘

Influence factor North and south deviation Autumnal equinox Center distance deviation Height deviation
Value −10∘ −10∘ −10 cm −10 cm
Typical data Autumnal equinox Summer solstice Typical day Typical day
Maximum error 1.6∘ −0.94∘ 0∘ 0∘

Influence factor Longitude deviation Longitude deviation Longitude deviation Angle deviation
Value 0.1∘ 0.1∘ 0.1∘ 0.05∘

Typical data Winter solstice Equinoxes Summer solstice Typical day
Maximum error 0.065∘ 0.053∘ 0.045∘ 0.025∘

Influence factor Latitude deviation Latitude deviation Latitude deviation Angle deviation
Value 0.1∘ 0.1∘ 0.1∘ 0.2∘

Typical data Winter solstice Equinoxes Summer solstice Typical day
Maximum error 0.026∘ 0.008∘ 0.013∘ 0.12∘

Hours of the day 
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Figure 8: The tracking error of longitude 0.1∘ deviation.

trend at vernal equinox and autumnal equinox are consistent.
At summer solstice, the tracking error is almost invariable in
the whole day.

Figure 9 shows that, when latitude has 0.1∘ deviation at
winter solstice, vernal equinox, and autumnal equinox, the
trends of the tracking errors curves are similar. However, the
error value at winter solstice is much higher than the other
two typical days. Different from other typical day, the error
value at summer solstice gradually decreases from +0.013∘ (at
8:00) to zero then increases to a maximum value of 0.016∘ at
18:00.
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Figure 9: The tracking error of latitude 0.1∘ deviation.

3.6. Comparison of All Factors. By calculating the tracking
error of middle reflector (column 6) due to the various
factors, the comparison results are shown in Table 1.

From Table 1, the order of influence on tracking error is
north-south orientation deviation, eccentric deviation, alti-
tude angle deviation, longitude deviation, latitude deviation,
center distance, and height deviation successively.

Height deviation almost has no effect on the tracking
precision ofmiddlemirror. However, if the height deviation is
10 cm, the tracking error formirror 1 is 0.2∘ in typical day, and
if the center distance deviation is 10 cm, the error can reach
0.4∘.
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4. Conclusion

There are many influence factors for Fresnel solar tracking
error, such as reflector supporting structure, rotation axis
position, driver accuracy, tracking software algorithm, devi-
ation of geographic latitude-longitude, and related structure
error. When north-south orientation and geographic longi-
tude have deviation, the tracking error is biggest at noon, and
it is smaller atmorning and afternoon on the same day.When
the mirror rotating center, solar altitude, and geographic
latitude have deviation, the error value changes from positive
to negative, and at a certain moment in the midday, the error
is zero.

Tracking error has a great influence on the solar collection
efficiency. For Fresnel solar concentrating system, if the error
of tracking is 0.1∘, the light energy collected by the receiver
tubes decreases by 10%. Therefore, improving efficiency and
accuracy of automatic tracking system plays an important
role in increasing solar collection efficiency and energy
generation and decreasing the cost of solar power.
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Today, the whole world faces a great challenge to overcome the environmental problems related to global energy production. Most
of the islands throughout the world depend on fossil fuel importation with respect to energy production. Recent development and
research on green energy sources can assure sustainable power supply for the islands. But unpredictable nature and high dependency
onweather conditions are themain limitations of renewable energy sources. To overcome this drawback, different renewable sources
and converters need to be integrated with each other. This paper proposes a standalone hybrid photovoltaic- (PV-) wave energy
conversion system with energy storage. In the proposed hybrid system, control of the bidirectional buck-boost DC-DC converter
(BBDC) is used to maintain the constant dc-link voltage. It also accumulates the excess hybrid power in the battery bank and
supplies this power to the system load during the shortage of hybrid power. A three-phase complex vector control scheme voltage
source inverter (VSI) is used to control the load side voltage in terms of the frequency and voltage amplitude. Based on the simulation
results obtained fromMatlab/Simulink, it has been found that the overall hybrid framework is capable of working under the variable
weather and load conditions.

1. Introduction

In developing countries like Malaysia, the development of
islands is mostly related to the electric power availability,
because there are many islands all over Malaysia where
electric power grid is not available. Among these island
communities electricity is supplied by traditional energy
sources, but the fuel cost increases significantly with remote-
ness. Furthermore, the energy produced by the conventional
sources raises the greenhouse gas emissions, which may be
the key source of global warming. It is projected that, by
2020, Malaysia will release 285.73 million tons of CO

2
which

is an increase of 68.86% compared to the amount of CO
2

emitted in the year 2000. In Malaysia, electricity generation

alone contributes 43.40% of the total CO
2
emission, which

is the largest among all sectors [1]. Malaysia signed the
previous Kyoto protocol on reduction of CO

2
emission to

the atmosphere. For this reason, the Malaysian government
is very much concerned about environmental issue and
the government wants the overall improvement of the CO

2

emission. As a result, island electrification in Malaysia by
renewable energy sources is the only way to overcome the
challenge.

Among the renewable energy sources, solar energy is
an environmentally friendly and the fastest growing green
energy source. But the main drawback of the PV system is
that the power produced by this system is highly dependent
on climatic conditions. For example, a PV system could
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not able to produce any power at night and during cloudy
periods. So the PV system intermittently produces power,
which means that PV system may not totally satisfy the
load demand at each instant. This problem can be solved by
combining PV system with other renewable energy sources
and/or energy storage systems (such wind, wave, fuel cell,
battery bank, ultracapacitor bank, and hydrogen storage
tank) in a suitable hybrid framework [2–7]. As an island
surrounded by sea, wave energy can be considered one of the
environmentally friendly hybrid power generating sources
for island communities.

Wave energy is a renewable energy generated by the force
of surface waves from the ocean. Althoughmanywave energy
conversion techniques have been patented and new patents
are granted each month [8], there are only nine basic tech-
niques on which these conversions are based. The nine basic
techniques are cavity resonators or oscillating water column,
pressure devices, heaving and pitching bodies, Salter’s duck,
surging wave energy converters, particle motion converters,
Russell’s rectifier, Cockerell’s rafts, and wave focusing tech-
niques [9–11]. In this study, an OWC wave energy converter
device is preferred because OWC is generally considered
one of the most promising wave energy conversion devices
among the various wave energy converters [12]. However,
assisting PV-wave hybrid system with battery banks makes
economic sense when satisfying the transient’s period or peak
load demands. Battery based energy storage system is widely
used in standalone system because of its mature technology,
high efficiency, quick response, and low cost [13, 14]. Without
battery bank, the PV-wave hybrid system must meet all load
demands, thus increasing the cost and size of the hybrid
system.

An extensive review based on the solar and other relevant
areas has been reported in the literature to model hybrid
renewable energy system. Among them, Onar et al. [6, 7]
described detail dynamic model, mathematical modeling,
and simulation of both solar/fuel cell/ultracapacitor and
wind/fuel cell/ultracapacitor hybrid system. In [15], a wind,
PV, and wave based large-scale hybrid system integration was
analyzed and grid connection was discussed. Bhende et al.
[13] investigated a standalone fuel cell based wind energy
supply system. Power conditioning for hydrogen storage
based wind energy system has been reported in [16]. In
[2, 6, 7, 13, 15], the authors are silent about the wave energy
based hybrid system design for island communities.

In this paper, detailed modeling, control, and simulation
of a PV-wave hybrid renewable power generation system are
developed for island communities. OWCwave energy device
is used to generate the electrical power from the sea waves
and PVmodel is used to generate power from solar radiation.
A control algorithm is developed using a BBDC between the
battery bank anddc-link, and a switchmode inverter is placed
at the load side end. A simple passive L-C filter is placed after
the inverter at load side end to eliminate the unwanted high
frequency harmonics, which are generated by the load side
VSI based on the inverter switching frequency.

The simulation model can be used not only for analyzing
the battery storage based PV-wave hybrid system perfor-
mance, but also for designing and sizing the system HRES to

meet the consumer load demands for any available meteoro-
logical condition. The proposed standalone PV-wave hybrid
system model in this paper has been modeled, designed,
and simulated using Matlab, Simulink, and SimPowerSys-
tems software packages. In addition, simulation results are
presented to verify the effectiveness of the proposed system
under variable weather conditions.

The sequential workflow hints of this paper are as fol-
lows. In Section 2 the complete modeling process of PV-
wave hybrid system has been described with the necessary
mathematical equations. And also Section 2 presents the
control algorithm of dc-link voltage and load side VSI. In
Section 3, according to the meteorological data, Perhentian
Island is considered as a potential area for generating electric
power from PV and wave energy sources. In Section 4 all
the necessary simulation results and discussions are given to
check the feasibility of the hybrid system. Finally, a conclusion
has been drawn by combining all the important points of the
study in Section 5.

2. System Description

In this section, the detailed simulation model of PV-
wave hybrid renewable power generation system is briefly
described. Figure 1 shows the complete block diagram of
the standalone PV-wave HRES.The developed hybrid system
consists of five main parts: PV system, OWC system, battery
bank, a BBDC with proportional integral (PI) control duty
cycle, and a pulse width modulation (PWM) insulated-gate
bipolar transistor (IGBT) VSI located at the load side. The
solar PV system consists of PV array and DC-DC converter
with maximum power point tracking (MPPT) algorithm.
In PV system, MPPT is used to increase the system effi-
ciency by controlling DC-DC converter. The OWC system
was configured by the bidirectional Darrieus turbine driven
permanent magnet synchronous generator (PMSG) and an
AC-DC three-phase rectifier.

In the HRES, the renewable PV and wave energy system
is considered as a main power generation source to meet the
system load demand and battery bank is used as a backup
energy storage system. The HRES is proposed to implement
in island areas in Malaysia; hence, if generated power from
HRES is not enough to meet the system load demands, then
battery bank will deliver power to balance the system power
demand. To interface PV, wave, and battery bank in hybrid
framework, the dc-link voltage must be constant. Hence, a
BBDC with PI controller is used in the HRES to maintain
the constant dc-link voltage. A three-phaseVSIwith relatively
complex vector control scheme is used at load side to control
load side voltage in terms of the amplitude and frequency.The
detailed description of each component of the overall HRES
and controller is given in the following parts.

2.1. Modeling and Characteristics of PV System. Solar PV
systems generate electric power by converting solar photon
energy into electrical energy in the form of direct current
using solar cell or PV cell. Crystalline or polycrystalline
materials are commonly used for solar cell [17]. Each of the
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PV cells produces around 0.5V and it is the smallest unit
of the solar PV system. Cells are further connected in series
or/and parallel combination to form a PV array. Figure 2
shows widely used one diode equivalent circuit model for a
PV cell [18]. PV cell equivalent circuit model consists of a
current source parallel with a diode and the output terminals
of the circuit are connected to the load through the shunt
and series resistor. The current-voltage characteristics of PV
array can be expressed using some nonlinear mathematical
exponential equations.The ideal relationship between voltage
and current is given by [18–21]

𝐼PV = 𝐼ph − 𝐼𝐷 − 𝐼sh

= 𝐼ph − 𝐼0 [exp
𝑞

𝐴𝐾𝑇 (𝑉PV + 𝐼PV𝑅𝑠)
− 1]

−
𝑉PV + 𝐼PV𝑅𝑠

𝑅sh
,

(1)

where 𝐼PV is the output current of the PV cell (A), 𝐼ph is
the photocurrent, 𝐼

𝐷
is the diode current, 𝐼sh is the current

through the shunt resistance, 𝐼
0
is the reverse saturation
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current,𝐾, the Boltzmann constant = 1.38 × 10−23(J/K), 𝑞, the
charge of electron = 1.6 × 10−19 (𝐶), 𝑇 is the cell temperature
(K), 𝑉PV is the output terminal voltage of the PV cell (V), 𝐴
is the quality factor (lies between 1.2 and 1.6 for crystalline
silicon), 𝑅

𝑠
is the series resistance (Ω), and 𝑅sh is the shunt

resistance (Ω).
The output power from solar PV array is given by

𝑃PV = 𝑉PV𝐼PV𝜂conv, (2)

where 𝜂conv is the DC-DC converter efficiency (typically 90–
95%). In this paper total five KOYCERA KC85T-87W PV
models are used for 400W power generation and all the
five models connected in series with one another.The power-
voltage and current-voltage characteristics of KOYCERA
KC85T-87W PV model are obtained according to the value
of the variables 𝐼ph, 𝐼0, 𝑅sh, and 𝑅𝑠. The value of the variables
can be collected from [18]; they usually provide values for
𝐼PV and 𝑉PV at open circuit, short circuit, and maximum
power point and finally the number of the PV cells. The
current-voltage and power-voltage characteristics of a solar
PV module operating at a standard temperature of 25∘C and
different solar irradiance are shown in Figures 3 and 4.

According to solar irradiation or load current, the max-
imum output power of the PV module varies. Therefore,
a proper control system is needed to use the PV model
more efficiently as an electric power source by building a
MPPT.There aremany differentMPPTmethods discussed in

[18, 19, 22], among them perturbation and observation
method (P&O) ismostwidely used because it ismuch simpler
and needs fewer measured variables. In this paper from [19],
P&O method is used for building MPPT in Simulink envi-
ronment. According to (1), (2), and the literature described
in [20, 21], PV model with MPPT is developed using Matlab
Simulink, which is illustrated in Figures 5(a), 5(b), and 5(c).

2.2. Modeling of OWC. It should be noted that this paper
focuses on the designing of a battery storage standalone
PV-wave hybrid supply system for island communities and,
therefore, themathematicalmodeling for individual elements
such as OWC wave chambers is simplified. The detailed
design and complete mathematical modeling of OWC wave
energy system can be found in [23–29], where more precise
model is established.

The operating principle of the OWC as shown in Figure 6
is much like a wind energy system via the wave induced
air pressurization principle. In this system sea wave motion
causes the rise and fall of the water level within the wave
chamber.This causes pressure oscillations, which can be used
to drive a bidirectional air turbine. The bidirectional turbine
extracts the kinetic energy of sea wave and turned it into
mechanical energy which is fed into the electrical generator.
The generator converts this mechanical energy into electrical
energy which will feed directly either to the load or in the
grid.
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In this section, a set of equations is present to describe
the power generated by OWC system. As mentioned earlier,
OWC wave energy operating principle is much like wind
turbine system, so the power available at the wave turbine
consists of two terms: air velocity term 𝑃

𝑎
and air pressure

term 𝑃pt. Therefore, the total inlet power can be described
using the following equation:

Inlet Power 𝑃in = 𝑃𝑎 + 𝑃pt, (3)

where the power 𝑃
𝑎
acting on the turbine due to the air

velocity term is

𝑃
𝑎
=
𝜌𝐴
2
𝑉
3

2

2
. (4)

The available output power developed by the OWC is a
function of the turbine power coefficient 𝐶

𝑃
, so the total

output power developed by the OWC is

𝑃total = (𝑃𝑎 + 𝑃pt) × 𝐶𝑃. (5)

The power due to the air velocity term is straightforward and
shown in (4). But power due to the pressure term is more
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complex. It is mainly depending on the surface elevation
in OWC chamber. But this wave surface elevation further
depends on the two major factors, namely, the turbine inlet
velocity and air pressure term. Both of these factors are related
to the OWC chamber length, water depth, and so forth. So,
in this paper, the mathematical modelling of OWC wave
energy system mainly focuses on the air pressure term and
its derivative from the literature [23–29], which is discussed
here.

Figures 6 and 7 illustrate the parameters related to the
OWC. At first, it assumed that the regular outer wave free
surface elevation can be stated as [24]

Outer wave surface elevation 𝜂
0
=
𝐻

2
cos(2𝜋

𝑇
𝑡) , (6)

where 𝐻 is the wave height (m) and 𝑇 is the wave period
(s). If the chamber length of OWC is 𝐿ch with respect to
the wavelength, then free surface elevation in OWC can be
approximated as follows:

𝜂
1
=
𝐻in
2

cos(2𝜋
𝑇
𝑡) ×

2 sin (𝜃/2)
𝜃

, (7)

where 𝐻in is the averaged internal wave height (m) and
it is calculated from the literature in [23, 25]. The angular
chamber length 𝜃(rad) is defined as

𝜃 =
2𝜋𝐿ch
𝜆

, (8)

where 𝜆 is the actual wave length; for calculating this
wavelength an equation can be formulated [30] as follows:

𝜆 ≅ (1 −
𝜋𝑑

3𝜆
0

) × 𝑇√𝑔𝑑, (9)

where 𝑑 is the water depth (m), 𝑔 is the gravitational constant
(9.81ms−2), and 𝜆

0
is the theoretical deep water wavelength,

which is given by [23]

𝜆
0
=
𝑔𝑇
2

2𝜋
. (10)

The velocity of the air adjacent to the internal free surface is
the liner velocity of water height, where

𝑉
1
=
𝑑𝜂
1

𝑑𝑡
= −

𝜔𝐻in
𝜃

sin (𝜔𝑡) × sin(𝜃
2
) ,

𝜔 =
2𝜋

𝑇
.

(11)

Since the system is relatively low-pressure system, so the axial
velocity passage through the turbine is

𝑉
2
=
𝐴
1

𝐴
2

𝑉
1
= −

𝐴
1

𝐴
2

𝜔𝐻in
𝜃

sin (𝜔𝑡) × sin(𝜃
2
) , (12)

where 𝐴
1
is the flow surface area of the chamber and 𝐴

2
is

the inlet turbine area. The power 𝑃pt available at the turbine
depends on the volume of air flow rate 𝑄 across the turbine
and the gradient of pressure. Hence, the power available at
the turbine due to the air pressure term (for completeness,
this equation is derived in Appendix D) is

𝑃pt = [−
𝐴
1

𝐴
2

𝐻
2

in
𝜃2
𝜔
2

{2 cos (𝜔𝑡)2 − 1}}

× sin2 (𝜃
2
) +

𝑄

𝐴
2

(𝑉
2
− 𝑉
1
) ] × 𝑄 × 𝜌.

(13)

According to (3) and (13), OWC model is developed using
Matlab Simulink, which is illustrated in Figures 8(a) and 8(b).

2.3. Modeling of Battery. A standard battery model presented
in [31] is implemented in this paper. To avoid the battery
algebraic loop problem, this model uses only the state of
charge (SOC) of the battery as a state variable. Moreover,
model in [31] can precisely characterize four types of battery
chemistries including lead-acid battery.

The battery is modeled using a simple series connected
controlled voltage source with a constant resistive value, as
shown in Figure 9, where the controlled voltage source is
described by

𝐸 = 𝐸
0
− 𝐾

𝑄

𝑄 − ∫ 𝑖 𝑑𝑡
+ 𝐴 exp(−𝐵∫ 𝑖 𝑑𝑡) , (14)

𝑉Battery = 𝐸 − 𝑅in𝐼Battery, (15)
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Figure 8: The Simulink diagram of the OWCmodel.

where 𝐸
0
is the no load battery voltage (V), 𝐾 is the

polarization voltage (V), 𝑄 is the battery capacity (Ah), 𝐴 is
the exponential zone amplitude (V),𝐵 is the exponential zone
time constant inverse (Ah)−1, 𝑉Battery is the battery voltage
(V), 𝑅in is the battery internal resistance (Ω), 𝐼Battery is the
battery current (A), and ∫ 𝑖 𝑑𝑡 is the charge supplied and
drawn by the battery (Ah).

The battery model based on (14) is developed in Mat-
lab Simulink environment and connected to a DC-DC

buck-boost bidirectional converter using controlled voltage
source as shown in Figure 10.

2.4. Control of dc-Link Voltage. The circuit topology of the
proposed PV-wave hybrid standalone system is shown in
Figure 11. A neutral wire is placed between the capacitors
connected before the VSI for feeding single-phase as well
as three-phase loads to the proposed system, as shown in
Figure 11.
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In this paper, through BBDC the dc link side is connected
to batteries bank; the primary objective of the control of this
BBDC is to maintain constant dc-link voltage as a reference
value in addition to discharge/charge current from/to batter-
ies bank according to the required load power.The schematic

diagram of the battery bank BBDC controller is depicted in
Figure 12. The voltage of the battery bank can be kept lower
as compared to the reference dc-link voltage (𝑉dc

∗) by using
BBDC and hence fewer numbers of batteries are required to
be connected in series. In the proposed standalone system,
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the voltage of the battery bank is kept at around 300V,
whereas 𝑉dc

∗

= 650V. In this paper, the batteries bank
depth of discharge is considered 60% [13] and is based on
the assumption that it should provide the electric power to
the loads of a 2.5 kW for approximately an hour when the
generated wave power is zero. The details of the rating of the
batteries bank calculation are discussed in Appendix A.

The value of the inductor used in BBDC is crucial for
the conduction mode operation of it. And also the inductor
existence in the batteries bank side is shown lower ripple
current results which gives long lifetime and higher efficiency.
Conduction mode operation also depends on input and

output current, capacitors value, and switching frequency.
The value of the inductor and capacitors is as follows [32, 33]:

Inductance 𝐿
2
=
𝑉Battery × (𝑉dclink − 𝑉Battery)

𝐼Battery × 𝑓𝑠 × 𝑉dclink
,

Buck mode capacitance 𝐶
2
=

𝑘
𝐿
× 𝐼Battery

8 × 𝑓
𝑠
× 𝑉Battery(ripple)

,

Boost mode capacitance 𝐶
3
=
𝐷Boost × 𝐼dclink
𝑓
𝑠
× 𝑉dclink(ripple)

,

(16)
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where 𝑉Battery is the battery bank voltage, 𝑉dclink is the dc-link
voltage, 𝐼dclink is the dc-link current, 𝐼Battery is the battery bank
current, 𝑉Battery(ripple) is the buck side output desired ripple
voltage, 𝑉dclink(ripple) is the boost side output desired ripple
voltage, 𝑘

𝐿
is the estimated coefficient of indicator ripple

current at buck side, and 𝑓
𝑠
is the switching frequency.

In this paper, the battery bank can act either as a power
supply or as a sink. As a result, it should discharge/charge
within specified limits when there is lack/surplus of hybrid
power due to the weather condition. In this work, due to
high wave and solar power condition, the surplus power at
first is supplied to the battery bank until it reach its upper
limit of charge carrying capacity and then additional power
is absorbed by the dump load and is regulated via the chopper
control shown in Figure 13. In this case, controller switching
decision is made by comparing the upper limit of SOC and
present status of SOC.

In case of long termwhen there is no PV and (/or) wave or
lower PV and (/or) wave power the battery bankmay not able
to meet the load demand. In this case, an emergency backup
is integrated with hybrid system. Control action algorithm of
emergency backup is depicted in Figure 14.

Figure 15 shows a dc-link voltage control flowchart based
on the above discussion for controlling the dc-link voltage,
where the lower and upper limits for the battery bank SOC
are kept at 0.2 and 0.8, respectively [13].

2.5. Control of Load Side VSI. At the load end, a three-phase
vector control VSI is used as interface element between the
consumer load andDC link voltage.The load sideVSI control
is responsible to control the frequency and voltage at the
consumer load end. In the proposedHRES system, the output
load voltages should be controlled in terms of frequency and
voltage amplitude because there is no electric power grid
connection. The space vector control technique is used to
regulate the output voltage during the variation of required
hybrid power or load power.

In this paper, the vector control technique is used based
on the synchronously rotating frame described in [34, 35].
The three-phase 𝑉

𝑎
, 𝑉
𝑏
, 𝑉
𝑐
voltages and 𝐼

𝑎
, 𝐼
𝑏
, 𝐼
𝑐
currents

should be transformed and measured from the reference
stationary 𝑎-𝑏-𝑐 frame to the reference rotating 𝑑-𝑞 frame
using the preferred output load voltage electrical frequency.
In this paper, the specified root-mean-square (RMS) valuee
of the output phase voltage and the load voltage frequency
are 220V and 50HZ, respectively.

The equations of voltage using reference rotating 𝑑-𝑞
frame transformation are taken from [34, 35] as follows:

V
𝑑
= V
𝑑𝑖
− 𝐿
𝑓

𝑑𝑖
𝑑

𝑑𝑡
+ 𝐿
𝑓
𝜔𝑖
𝑞
,

V
𝑞
= V
𝑞𝑖
− 𝐿
𝑓

𝑑𝑖
𝑞

𝑑𝑡
− 𝐿
𝑓
𝜔𝑖
𝑑
.

(17)
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By using 𝑑-𝑞 reference rotating frame transformation, the
active power and reactive power are given by

Active power 𝑃 = 3
2
(V
𝑑
𝑖
𝑑
+ V
𝑞
𝑖
𝑞
) ,

Reactive Power 𝑄 = 3
2
(V
𝑑
𝑖
𝑞
+ V
𝑞
𝑖
𝑑
) .

(18)

The active and reactive power equations will be as follows if
the reference rotating frame is as V

𝑞
= 0 and V

𝑑
= |𝑉|:

𝑃 =
3

2
V
𝑑
𝑖
𝑑
=
3

2
|𝑉| 𝑖
𝑑
,

𝑄 =
3

2
V
𝑑
𝑖
𝑞
=
3

2
|𝑉| 𝑖
𝑞
.

(19)

Therefore, the active and reactive power can be controlled by
controlling direct and quadrature current elements, respec-
tively. Also, for resistive load, case 𝑉∗

𝑑
can be directed by

𝑉
∗

𝑑
= √2𝑉

∗

RMS, (20)

where 𝑉∗RMS is the output RMS phase voltage reference value.
In this control technique, the load output current in the
internal control loops and the load output voltages in the
external control loops are regulated by PI controllers. All the
PI controllers used in this paper are tuned by using Ziegler-
Nichols tuningmethod [36].The control technique of theVSI
is used in load side as shown in Figure 16.

Based on the inverter switching frequency, the high
frequency unwanted harmonics will generate in output ac
voltage by the load side VSI which ultimately creates power
quality problem in the customer end. In this controller, space
vector PWM (SV-PWM) method is used because it slightly
reduces the system harmonics contents in the output voltage.
In addition, it raises the fundamental load output voltage. A
simple passive 𝐿-𝐶 filter is used in load side end to eliminate
the high frequency unwanted harmonics for preventing the
power quality problem occurring in the customer end. The
design of the passive 𝐿-𝐶 filter [37] is given in Appendix B
and the values are

𝐿
𝑓
= 0.052H,

𝐶
𝑓
= 2 𝜇F.

(21)

3. Site Selection

Malaysia is situated between 1∘ and 7∘ in the North Latitude
and 100∘ and 120∘ in the East Longitude. But Malaysia is
vastly surrounded by water and it has the 29th longest
coastline in the world. It has a total coastline of 4,675
kilometers and 878 islands [38, 39], soMalaysia has a massive
potential of wave energy that may be a vital source of
electrical energy generation especially for the coast and the
island communities. Among those islands, Perhentian Island
(shown in Figure 17) is one of the most popular resort
islands in Malaysia situated in the northeastern coast of
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Figure 16: The load side three-phase VSI controller.

Figure 17: Location of target site (Perhentian Island) (modified from [45]).

Western Malaysia. It is approximately 20 km from the coast
of Terengganu. In this island, the majority of the buildings
are resorts and only one village where the local people live.
Diesel generators are used as the main sources for electricity
generation in this island. In 2007 [40], Universiti Kebangsaan
Malaysia and National Energy Policies (NEP) installed a
wind-solar hybrid energy system in this island, although till
now it was not connected to the electrical network because of
lower wind power. The winds are rare in this area.

Perhentian Island has uniform climate characteristics and
it has abundant rainfall and temperature with high humidity.

Since it is located in the equatorial doldrums area, it has
naturally great sunshine and solar radiation. But it is quite
difficult to have a fully sunny day with completely clear sky.
Perhentian Island receives daily average 5.5 hours of the
sunshine. The solar data of Perhentian Island is as shown in
Figure 18.

Solar energy cannot meet the consumer load demand at
each instant because of its daily limited sunshine hours. So
to build HRES in this island, wave energy can be considered
one of the efficient power generation sources. The wave data
of Perhentian Island is illustrated in Figure 19, where the peak
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Figure 18: Annually solar irradiation.
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Figure 19: Monthly average WH/WP data of a year for Perhentian Island.

average wave height (WH) andwave period (WP) occur from
November to January. Both solar and wave data are obtained
by Malaysian Meteorological Department Labuan (MMDL)
from 2005 to 2012. In addition, wave data is analyzed by
the “hindcast” technique [41]. MMDL collected wave data by
using Acoustic Doppler Current Profiler (ADCP) equipment
and Voluntary Observation Ship (VOS) scheme.

At this site, the maximum average WH measured in the
month of November was 2.1m and the minimum in the
month of June was 0.88m. On the other hand, the maximum
average WP measured in the month of December was 6.1 s
and the minimum in the month of July was 4.64 s. Based on
the wave theory and equations in [1, 29], wave power level
during the whole year is shown in Figure 20 and is mainly
depending on WH andWP.

It could be found from [1] that Malaysian sea has an
average of 8.5 kW/m wave power level. But, from Figure 20,
it could be seen that Perhentian Island has an average of
15.9 kW/m wave power level. So Perhentian Island site is
identified as economically viable for commercial scale wave
power generation in Malaysia, because any site in the world

is able to produce wave power at competitive prices if it
has an average wave power level equal or above 15 kW/m.
In addition, these sites are considered to have exceptionally
high-energy resources than other renewable energy sources
like wind. The main aim of the propose hybrid system in
this paper is to establish a commercial scale PV-wave hybrid
power plant in the Perhentian Island by eliminating the
intermittent power generation nature of both PV and wave
energy sources.

4. Simulation Result and Discussion

The simulation model of the proposed standalone PV-wave
hybrid systemwith energy storage is built inMatlab Simulink
environment under different operating conditions. PMSG is
modeled in Matlab Simulink from the literature [42, 43] and
the parameters are taken from [44] which are presented in
Appendix C. In addition, the parameters used for PV array,
OWC design, and Darrieus turbine are also mentioned in
Appendix C. In this section, the average solar irradiation of
January, February, and March months and the average wave
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Figure 20: Average wave power level of a year for Perhentian Island.
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height and wave period of February, March, and Junemonths
from Section 3 are used to observe the performance of the
proposed system under the variable load condition.

The performance of buck-boost DC-DC bidirectional
converter controller is presented in Figures 21 and 22.

Figure 21 shows the power distribution curve of generated
solar power, wave power, load power, and battery bank power.
From Figure 21 it is seen that during the solar power, wave
power, and required load variation, power from the battery
bank changes (discharge/charge) to maintain the power
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Figure 23: Output line current response with change in required load power. (a) Output line currents throughout the full simulation time;
(b) output line current when the load increases at simulation time from 3.96 s to 4.06 s; (c) output line current when the load decreases at
simulation time from 11.97 s to 12.07 s.

stability of the system. So it could be clear from Figure 21 that,
when the generated hybrid power is more than the required
load power, the controller is able to charge the battery bank,
and when the required load power is more than generated
hybrid power then controller is able to discharge the battery
bank. Further, it can also establish the constant dc-link
voltage at 650V when there is a change in hybrid power and
load demand, as shown in Figure 22. The absence of solar
power after 12-second in Figure 21 indicate that cloudy or
night period. In this case, wave power and battery bank power
satisfactorily meet the load demand at each instant. So it can
be established that the performance of the buck-boost DC-
DC bidirectional converter controller is quite satisfactory
in both transient and steady-state hybrid power and load
demand condition.

The output load current response during the long time
simulation is shown in Figure 23(a). Figures 23(b) and
23(c) show the output load current when the load power
increases at simulation time from 3.96 s to 4.06 s and when
the load power decreases at simulation time from 11.97 s to
12.07 s, respectively. The output voltage response for whole
simulation time and the output voltage response when load
increases and decreases are shown in Figures 24(a)–24(c),

respectively. Figure 24 shows the output RMS phase voltage
(for phase a 𝑉

𝑎
) where it is maintained 220V as reference

value. In Figures 26(a) and 26(b), it is seen that the total
harmonic distortion (THD) in the output ac line voltage
is about 1.8% and similarly the THD in the output ac line
current is about 1.5% in all the three phases. The modulation
indexes are shown in Figure 27 for all the three phases.

From Figures 24, 25, 26, and 27, it can be clear that
a suitable quality of voltage and current can be delivered
to the load with the help of SV-PWM control inverter
switching and a passive 𝐿-𝐶 filter. Finally, it ascertained that
the proposed hybrid system can successfully accommodate
solar irradiation,WH,WP, and load changes, and the control
system can efficiently track the change of hybrid power
generation and load demand.

5. Conclusion

In this paper, a novel standalone PV-wave hybrid systemwith
appropriate energy flow controllers is designed and modeled
for island users where the electric power grid is not available.
The power generated by PV sources is highly dependent
on environmental conditions. To overcome this intermittent
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Figure 24: Output line voltage response with change in required load power. (a) Output line voltages throughout the full simulation time;
(b) output line voltage when the load increases at simulation time from 3.96 s to 4.06 s; (c) output line voltage when the load decreases at
simulation time from 11.97 s to 12.07 s.
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Figure 25: The output RMS phase voltage.

power generation nature of PV system, in this paper, PV
system integrated with the wave energy converter device and
battery bank, because wave energy is easily predictable and
consistent than other green energy sources such as wind.The
hybrid PV-wave topology with broad analysis and Matlab
Simulink simulation results is presented in this paper. It has
been seen from the simulation results that the controller
can maintain the dc-link voltage at constant value in spite
of variation in generated hybrid power and required load
power. Furthermore, the controller is developed in such a
way that the battery bank has been able to accumulate the

excess power generated by hybrid system and supply it to the
system load during the hybrid power shortage by controlling
BBDC. This controller not only maintains the constant dc-
link voltage, but also acts as a dc-link side active filter
and reduces the generator toque oscillation of OWC PMSG
during the variation in load. Finally, it has been explained
how the space vector controls three-phase VSI controller to
control the load side output voltage in terms of frequency and
voltage amplitude to the resistive load. The THD in voltage
and current at load side is about 1.7% and 1.55%, respectively,
which illustrates the good quality of voltage and current
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Figure 27: Modulation indexes for all three phases.

generated at the consumer side end. The simulation results
show that the performance of the proposed hybrid system is
satisfactory under the steady-state power as well as transient
solar, wave, and load power conditions. This study can be
considered as the initial part of building prototype standalone
PV-wave hybrid system. The future work will aim to set
up a standalone PV-wave hybrid system in the University
of Malaya laboratory to verify the simulations results with
experiment.

Appendices

A.

The battery bank rating calculation is

Battery rating = 2.5 kW × 1 hr
300V × 0.6

= 13.89Ahr. (A.1)

Table 1: Parameters of PMSG.

Number of poles 4
Rated power 3 kW
Rated speed 241 rad/s
Per phase stator resistance (𝑅) 0.4578Ω
𝑑-axis and 𝑞-axis stator inductance (𝐿

𝑑
& 𝐿
𝑞
) 0.00334H

Magnetic flux induced in the stator windings (𝜓) 0.171Wb
Rated torque 14.2Nm

Hence, 12-V, 14-Ahr battery rating is considered and, conse-
quently, 25 numbers of batteries are required to connect in
series.

B.

The equations [13, 37] related to passive 𝐿-𝐶 filter design are

𝐾 = [
𝑘
2

− 15/4𝑘
4

+ 64/5𝜋𝑘
5

− 5/4𝑘
6

1440
]

1/2

𝐿
𝑓
=

𝑉
0

𝐼
0
𝑓sw
{𝐾

𝑉dclink
𝑉
0,av

[1 + 4𝜋
2

(
𝑓

𝑓sw
)

2

𝐾
𝑉dclink
𝑉
0,av

]}

1/2

𝐶
𝑓
=

𝑉dclink
𝐿
𝑓
𝑓2sw𝑉0,av

,

(B.1)

where 𝑘 (modulation index) = 1,𝑉
0
(LoadVoltage) = 220V, 𝐼

0

(Load Current) = 4.58A, 𝑓 (fundamental frequency) =
50HZ, 𝑓sw (switching frequency) = 2 kHZ, 𝑉

0,av (total har-
monic load voltage) = 5% of 𝑉

0
, 𝐿
𝑓
is the inductance of

filter, and 𝐶
𝑓
is the capacitance of filter.

C.

See Tables 1, 2, 3, and 4.
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Table 2: Parameters of OWC.

OWC chamber length (𝐿 ch) 1.5m
Water surface area inside the chamber (𝐴

1
) 1.4m2

Turbine inlet area (𝐴
2
) 0.012m2

Water depth (𝑑)
WH (m) 0.98 0.9 0.88
WP (s) 4.9 4.79 4.79
𝑑 (m) 16.47 15.75 15.73

Table 3: Parameters of Darrieus turbine.

Swept area by balde (𝐴) 0.012m2

Air density 1.22 Kg/m3

Height of the rotor (𝐻
𝑡
) 240mm

Diameter of the rotor (𝐷
𝑡
) 100mm

Table 4: Parameters of PV array.

Maximum rated power (𝑃max) 87W
Maximum voltage (𝑉max) 17.4 V
Maximum current (𝐼max) 5.02A
Open circuit voltage (𝑉oc) 21.7 V
Short circuit voltage (𝐼sc) 5.34A
Number of modules required 5

D.

Using the literature [23, 25, 27, 29, 30], expression for the
power due to the air pressure term can be obtained. This
power term is derived in [23, 25] but present here for
completeness. According to the above literature, it is clear that
the power available at the wave turbine consists of two terms:
air velocity term 𝑃

𝑎
and air pressure term 𝑃pt. The power 𝑃pt

mainly depends on the volume of air flow rate 𝑄 across the
turbine and the pressure gradient. So power due to the air
pressure term can be define as [23]

𝑃pt = (𝑝2 − 𝑝0) × 𝑄, (D.1)

where, from the continuity equation,

𝑄 = 𝐴
1
× 𝑉
1
= 𝑉
2
× 𝐴
2
. (D.2)

The exhausted pressure 𝑝
0
is assumed to be constant and

ambient, even close to the turbine. The upstream inner
pressure 𝑝

2
near the turbine is related to the pressure within

the air chamber by the Bernoulli energy equation:

𝑝
2
= 𝑝
1
+ 0.5 × 𝜌 × (𝑉

2

1
− 𝑉
2

2
) + 𝜌

𝛿

𝛿𝑡
(𝜑
1
− 𝜑
2
) , (D.3)

where the velocity potentials 𝜑
1
and 𝜑

2
are approximated by

𝜑
1
≈ 𝑉
1
𝜂
1
,

𝜑
2
≈ 𝑉
2
𝜂
2
.

(D.4)

Based on the linear momentum equation theory, the pressure
difference in (D.1) can be derived as

𝑝
2
− 𝑝
0
≈ 𝜌
𝐴
1

𝐴
2

𝛿𝜑
1

𝛿𝑡
+ 𝜌

𝑄

𝐴
2

(𝑉
2
− 𝑉
1
) . (D.5)

From (D.1) and (D.5),

𝑃pt = [𝜌
𝐴
1

𝐴
2

𝛿𝜑
1

𝛿𝑡
+ 𝜌

𝑄

𝐴
2

(𝑉
2
− 𝑉
1
)] × 𝑄. (D.6)

But the rate of change of velocity potentials 𝜑
1
is

𝛿𝜑
1

𝛿𝑡
= −

𝐻
2

in
𝜃2
𝜔
2

{2 cos (𝜔𝑡)2 − 1} × sin2 (𝜃
2
) . (D.7)

Hence, power due to the air pressure term is

𝑃pt = [−
𝐴
1

𝐴
2

𝐻
2

in
𝜃2
𝜔
2

{2 cos (𝜔𝑡)2 − 1}

× sin2 (𝜃
2
) +

𝑄

𝐴
2

(𝑉
2
− 𝑉
1
)] × 𝑄 × 𝜌.

(D.8)
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CdIn
2
S
4
was prepared by ultrasonic spray pyrolysis. The prepared CdIn

2
S
4
was characterized by X-ray diffraction (XRD),

field emission scanning electron microscopy (FSEM), transmission electron microscopy (TEM), UV-visible diffuse reflectance
spectroscopy (UV-Vis DRS), and N

2
-sorption techniques. Aqueous photocatalytic activity was evaluated by the decomposition

of methyl orange under visible light irradiation. The results indicate that the prepared CdIn
2
S
4
has spherical morphology with

mesoporous structure which can efficiently degrade methyl orange in water. The sample prepared at 500∘C exhibits the optimized
photocatalytic activity.

1. Introduction

Azo dyes, a large class of synthetic organic dyes that contain
nitrogen as the azo group –N = N– as part of their molecular
structures. More than half the commercial dyes belong to this
class which have been widely used in many industries such
as the production of textiles, paint, ink, and cosmetics [1].
The effluent from azo dyes industries contains substantial
amounts of such dyes and their breakdown products, which
causes coloration ofwater andposes a threat to aquatic life [2–
4], mutagenic/carcinogenic [5], and genotoxic [6]. Therefore
dyes effluent poses a great threat to the environment and
increasing attention has been paid to the treatment of dye
effluent. While due to the complex aromatic structure and
stability of these dyes, conventional biological treatment pro-
cesses are ineffective for their degradation [7].The absorption
and coagulation processes are only able to absorb them up to
some extent, but the sludge produced from both processes
becomes more difficult to be disposal [8].

In the past several decades, semiconductor-mediated
photocatalytic oxidation has been proved to be a promising
technology for the treatment of water containing azo dyes [9].
Among a variety of semiconductor materials, the titanium
dioxide (TiO

2
) photocatalysts have been most extensively

investigated and used because of their physical properties
and economic advantages, such as high redox power, photo-
stability, chemical inertness, and cheapness [10]. However,
TiO
2
can only absorb a very small ultraviolet part (3-4%) of

solar light because of its wide band gap (3.2 eV for anatase)
which constrains the extensive applications of TiO

2
. Thus,

considerable efforts have been devoted to develop new visible
responded photocatalyst which is still a significant issue in
both academic and practical applications.

Among various new photocatalysts, multinary chalco-
genide semiconductors have attracted great attention because
of the instability of the mono- and binary chalcogenide
compounds [11–14]. Cadmium indium sulphide (CdIn

2
S
4
)

belonging to ternary semiconductors of chalcogenide AB
2
X
4

and being considered to have potential applications in optical
devices, solar cells [15] and photocatalysts for H

2
evolution,

bacterial inactivation, and organic pollutant elimination [16–
18]. Considering the advantages of nanostructures over the
bulk materials, attempts have been made to synthesize
CdIn
2
S
4
with variety of nanostructures. Up to now, the nano-

structural CdIn
2
S
4
has been synthesized by methods like

hydrothermal [15, 19], microwave [20], and sol-gel [21] with
template. In most cases, these techniques require high tem-
perature or high pressure to obtain crystalline material. In
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addition, the removal of the templates requires additional
processing steps that can be costly and wasteful.Thus, a high-
yield synthetic and template-free method for the CdIn

2
S
4

preparation can undoubtedly benefit the design of high-
performance materials in catalytic applications. Recently,
ultrasonic spray pyrolysis technique (USP) is particularly
attractive. It is fast, inexpensive, vacuumless, and suitable for
mass production [22–24]. In the previous work, we have
demonstrated that the USP method is a common method to
prepare multinary sulfide [25].

In present work, the CdIn
2
S
4
microspheres were synthe-

sized using USP process. The effect of reaction conditions on
the prepared CdIn

2
S
4
was studied.The obtainedmicrospher-

ical CdIn
2
S
4
was used as photocatalyst to oxidize azo dyes in

aqueous solution.

2. Experimental Section

2.1. Catalysts Preparation. All of the reagents were of analyti-
cal grade and used without further purification.The CdIn

2
S
4

photocatalyst was prepared by a USP method. In a typical
synthesis, 0.532 gCd (AC)

2
⋅2(H
2
O), 1.2 g InCl

3
(H
2
O)
4
, and

0.76 gCH
4
N
2
Swere added into 150mLwater undermagnetic

stirring to form a transparent solution.The solution was neb-
ulized at 1.7MHz ± 10% (YUYUE402AI, Shanghai) and then
carried by air with a flow rate 10 L/min through a quartz tube
surrounded by a furnace thermostated at 500∼700∘C. The
quartz reaction tube with the diameter of 3.5 cmwas 1m long.
The products were collected in a percolator with distilled
water, separated by centrifugation, and washed thoroughly
with ethanol and distilledwater.The product was finally dried
in an oven at 60∘C for overnight.

2.2. Characterization. Powder X-ray diffraction (XRD) pat-
terns were collected in 𝜃-𝜃mode using a Bruker D8 Advance
X-ray diffractometer (Cu K𝛼1 irradiation, 𝜆 = 1.5406 Å). The
morphology of the sample was investigated by field emission
scanning electron microscopy (FSEM) (JSM-6700F). Trans-
mission electron microscopy (TEM) was recorded on a FEI
Tecnai 20 microscope. Carbon-coated copper grid was used
as the sample holder. The sample was suspended in ethanol
solution, followed by sonication for 30min in the ultrasonic
bath. Drops of the suspensions were applied on a copper grid
coated with carbon. Nitrogen sorption experiments were
carried out at 77 K by usingMicromeritics ASAP 2020 equip-
ment. All the samples were degassed at 140∘C and 10−6 torr
for 6 h prior to the measurement. The UV-visible diffuse
reflectance spectra were performed on a Varian Cary 500
spectrometer with an integrating sphere attachment ranging
from 200 nm to 800 nm. BaSO

4
was used as a reference

sample in these measurements.

2.3. Evaluation of Photocatalytic Activity. The photocatalytic
activities of the samples were evaluated by the decomposition
of methyl orange (MO) a typical azo dye in aqueous solution.
Catalyst (0.05 g) was suspended in a 100mL Pyrex glass vessel
containing MO with a concentration of 25 ppm. The visible
light source was a 300W halogen lamp (Philips Electronics)
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Figure 1: XRD patterns of CdIn
2
S
4
prepared at different tempera-

tures.

positioned beside a cylindrical reaction vessel with a flat side.
The system was water-cooled to maintain the temperature. A
400 nm cutoff filter was placed in front of the vessel to ensure
irradiation by visible light. The suspension was stirred in
darkness for 1 h to achieve adsorption equilibrium and the
reactor was irradiated to induce photocatalyzed decomposi-
tion reactions. At given irradiation time intervals, 3mL of the
reaction suspension was collected and centrifuged to remove
the catalyst. The degraded solution was analyzed using a
Varian Cary 50 Scan UV-Vis spectrophotometer.

3. Results and Discussion

3.1. Crystal Structure. The X-ray diffraction (XRD) patterns
of the resultant products synthesized from USP process at
different temperature are shown in Figure 1. The XRD pat-
terns of the sample prepared at 700∘C can be indexed to
cubic CdIn

2
S
4
well consistent with the reported data (JCPDS

number 27-60, space group: Fd-3m).Thepeaks at 2𝜃 values of
23.18, 27.25, 28.48, 33.00, 40.74, 43.31, and 47.40 match well
with the (220), (311), (222), (400), (422), (511), and (440)
crystal planes of CdIn

2
S
4
, respectively.There is no any trace of

impurity phase such as CdS, In
2
S
3
under the instrument reso-

lution, indicating the high purity of the sample. Furthermore,
the intensity of the peaks according to CdIn

2
S
4
is affected by

the preparation temperature.TheXRD pattern for the sample
prepared at 500∘C shows broad noisy peaks means the semi
crystalline nature of the sample. The intensity of peaks is
increasing with the increasing of temperature. This suggests
that the crystalline of CdIn

2
S
4
increases with the increase of

temperature. The calculated average crystal sizes of the sam-
ples prepared at 500, 600, and 700∘C using the Scherrer
equation are 5.4, 8.4, and 14.2 nm, respectively.

3.2. Morphology. Figure 2 depicts the FSEM images of pre-
pared samples. Figure 2(a) is the low-magnification image of
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(a)

(b)

(c)

0.5 𝜇m

0.5 𝜇m1𝜇m

Figure 2:TheFSEM images of CdIn
2
S
4
prepared by ultrasonic spray

pyrolysis. (a) and (b) 500∘C, (c) 700∘C.

the sample prepared at 500∘C which indicates that the as-
prepared samples consist entirely of spheres with a range
of 100 nm to 1.5 𝜇m. The ultrasonic nebulizer during the
preparation is the key to form the spherical morphology.
The aerosol produced from nebulizer consisted of numerous
small liquid droplets which contained the precursor. These
droplets would serve asmicroreactors and yield one spherical
particle per droplet. The size of droplet and concentration
of precursor determines the product dimension [26]. When
these droplets are carried into the tubular reactor with air, the
water in the droplet is heated and evaporating. At the
same time, the thiourea in the droplet would decompose
quickly and release H

2
S which would react with the metal

precursor quickly and generate submicrospherical CdIn
2
S
4
.

The excess H
2
S from thiourea will be absorbed by the water

in the percolator which will not be released out of system.
Figure 2(b) is the magnified surface morphologies of samples
prepared at 500∘C which shows the porous structure of
sample. The porous structure will not be destroyed even
prepared at high temperature of 700∘C (see Figure 2(c)). The
result also shows that the sample prepared at 500∘C has a
crude surface compared with the sample prepared at 700∘C.
This can be due to the larger catalyst particles for the sample
prepared under higher temperature.

The TEM image of CdIn
2
S
4
sphere in Figure 3 confirms

that the prepared spheres are composed of small nanopar-
ticles and have porous structure. The porous structure will
endow the CdIn

2
S
4
with more active points and larger light-

harvesting ability which will benefit its photocatalytic perfor-
mance. The composition of CdIn

2
S
4
sphere was determined

by energy dispersive X-ray spectroscopy (EDX) in the “A”
position of Figure 3. The results of EDX analysis (Figure 4)
imply that the as-prepared samples contain In, Cd, S, and a

500nm

A

Figure 3: The TEM images of CdIn
2
S
4
prepared at 500∘C.
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Figure 4: Energy-dispersive X-ray analysis spectra of CdIn
2
S
4

prepared at 500∘C.
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prepared at
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Figure 6: N
2
adsorption-desorption isothermal curves of CdIn

2
S
4
prepared at different temperatures (a) 500∘C, (b) 600∘C, and (c) 700∘C.

small amount of Cl element. The ratio of In to Cd in the
microspheres is 1.95 which is very close to the atom ratio in
CdIn
2
S
4
. The small amount Cl element is from the precursor

of InCl
3
(H
2
O)
4
which is not completely removed during the

washing of product.

3.3. Optical Properties. Figure 5 shows the light absorption
properties of prepared samples. All the samples show remark-
able absorption in the visible light region. Besides, the basic
adsorption edge of the CdIn

2
S
4
is shifted to shorter wave-

length with the decreasing of temperature in preparation.The
absorption edges of CdIn

2
S
4
prepared at 500, 600, and 700∘C

are 522, 528, and 541 nm corresponding to a band gap of 2.38,
2.35, and 2.29 eV, respectively. The blue shifts of adsorption
edge are due to the quantum confinement effect, which is
attributed to the smaller crystal size of CdIn

2
S
4
prepared in

low temperature.

3.4. Specific Surface Area and Pore Structure. Figure 6 shows
the nitrogen adsorption-desorption isotherms of the CdIn

2
S
4

prepared at different temperature. All the samples show
similar type-IV isotherms, which are representative of meso-
porous solids. In addition, the surface area, pore size, and
pore volume (see Table 1) have no significant difference
for the samples prepared in the different temperature. This
indicates that the mesoporous structures was not destroyed
or did not shrink in the high temperature which is consistent
with the result of SEM in Figure 2.

3.5. Photocatalytic Activity. Figure 7 shows the photocatalytic
degradation of methyl orange (MO) on CdIn

2
S
4
micro-

spheres with otherwise identical conditions under visible-
light irradiation (𝜆 > 400 nm) after the adsorption des-
orption equilibrium was reached. The control test (without
catalyst) under visible light irradiation showed that the
photolysis ofMOwas negligible.Thedark control experiment
with CdIn

2
S
4
prepared at 500∘C alone reveals that the

concentration ofMOwas also unchanged after 3 hours, which
demonstrates that the adsorption/desorption equilibrium
had been obtained after 1 hour in dark and the CdIn

2
S
4

microspheres would not react with MO. The MO was
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Table 1: Crystalline and porous properties of CdIn2S4 prepared at different temperatures.

Temperature (∘C) 𝑑
a (nm) Pore sizeb (nm) Surface areac (m2g−1) Pore volumed (cm3g−1)

500 5.4 13.5 36.1 0.15
600 8.4 13.5 34.5 0.15
700 14.2 13.6 33.5 0.15
a
𝑑 values of the samples estimated by Scherrer formula; bBJH pore sizes determined from the nitrogen desorption branches; cBET surface areas determined
from the nitrogen adsorption and desorption isotherm measurement; dpore volumes is the BJH desorption cumulative pore volume of pores.
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Figure 7: Photocatalytic activity of the CdIn
2
S
4
sphere samples.

degraded quickly in the presence of CdIn
2
S
4
under visible

light irradiation and indicates the high photocatalytic activity
of CdIn

2
S
4
microspheres. The test also shows that the activi-

ties of doped samples were greatly influenced by the prepared
temperature. The complete degradation of methyl orange for
samples prepared at 500, 600, and 700∘C needs 60, 100, and
160min, respectively. Considering the similar surface area
and pore structure among different samples, the higher pho-
tocatalytic activity for the sample prepared at 500∘C can be
due to the small crystal size which is of benefit to the
separation of excited electron/hole pair during photocatalytic
reaction.

4. Conclusions

TheCdIn
2
S
4
have been synthesized by using ultrasonic spray

pyrolysis process without using any template. The prepared
samples have spherical morphology with mesoporous struc-
ture whose products can be generated continuously at a
rate of several grams per hour. The prepared CdIn

2
S
4
exhib-

ited excellent photocatalytic activity. We expect that these
CdIn
2
S
4
spheres prepared with this method will have imm-

ense importance in other regions such as solar cells, LED, and
optoelectronics.
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Tungsten trioxide (WO
3
) possesses a small band gap energy of 2.4–2.8 eV and is responsive to both ultraviolet and visible light

irradiation including strong absorption of the solar spectrum and stable physicochemical properties. Thus, controlled growth of
one-dimensional (1D)WO

3
nanotubular structures with desired length, diameter, andwall thickness has gained significant interest.

In the present study, 1D WO
3
nanotubes were successfully synthesized via electrochemical anodization of tungsten (W) foil in an

electrolyte composed of 1M of sodium sulphate (Na
2
SO
4
) and ammonium fluoride (NH

4
F).The influence of NH

4
F content on the

formation mechanism of anodic WO
3
nanotubular structure was investigated in detail. An optimization of fluoride ions played a

critical role in controlling the chemical dissolution reaction in the interface ofW/WO
3
. Based on the results obtained, aminimumof

0.7 wt% of NH
4
F content was required for completing transformation fromW foil to WO

3
nanotubular structure with an average

diameter of 85 nm and length of 250 nm within 15min of anodization time. In this case, high aspect ratio of WO
3
nanotubular

structure is preferred because larger active surface area will be provided for better photocatalytic and photoelectrochemical (PEC)
reactions.

1. Introduction

Design and controlled growth of nanostructure semicon-
ductor assemblies has gained significant attention in recent
years due to the scientific interests and potential applica-
tions [1, 2]. In this manner, WO

3
is one of the famous

electrochromic inorganic materials since Deb’s discovery in
1969 [3]. WO

3
film exhibits a broad range of functional prop-

erties, such as small band gap energy (2.4–2.8 eV), deeper
valence band (+3.1 eV), stable physicochemical properties,
and strong photocorrosion stability in aqueous solution [4–
10]. The characteristics of WO

3
film make them suitable

for electrochromic layers in a smart window [11]. Many
studies pertaining to WO

3
nanostructures are mainly aimed

at the formation of high active surface area in view of
their use in electrochromic applications [9, 10]. However,
several studies have reported that growth of well-aligned
and uniformity of anodic WO

3
nanotubular structure was

a difficult task and most of the studies were only able to
grow anodic WO

3
into nanoporous instead of nanotubular

structure [7–10, 12, 13]. In the present study, we describe
the synthesis of well-aligned anodic WO

3
nanotubes using

electrochemical anodization technique in a fluorinated-based
electrolyte. To the best of our knowledge, literatures on
optimization of the geometrical features of regular anodic
WO
3
nanotubular structures are still lacking. Thus, such

mechanistic studies and understanding are very important
to tailor the desired length, pore size, and wall thickness of
ordered WO

3
nanotubular structures for high surface area

to volume ratio. In this study, a comprehensive experiment
was conducted to control the one-dimensional nanostructure
of anodic WO

3
using electrochemical anodization to achieve

effective photocatalytic degradation of MO dye and H
2
gas

generation via PEC water splitting process.

2. Experimental Procedure

The high purity (99.95% purity with 0.1mm in thickness)
tungsten (W) foils from Alfa Aesar USA were used in
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this study. Prior to anodization, W foils were degreased in
ultrasonic bath containing ethanol for 30 minutes. The foils
were then rinsed in deionized water and dried in nitrogen
stream. Then, anodization was performed in a two-electrode
configuration bath with W foil served as the anode and
the platinum electrode served as the counter electrode. The
electrolyte is composed of 100mL of 1M of sodium sulfate
(Na
2
SO
4
, Merck, USA) solution with ammonium fluoride

(NH
4
F, Merck, USA) at 40V with sweep rate of 1 V/s.

In the present study, different content of NH
4
F (0.3, 0.5,

and 0.7 wt%) will be added into 1M Na
2
SO
4
solution for

several anodization duration (15, 30, and 60min) in order
to investigate the formation of anodic WO

3
nanotubular

structures. As-anodized anodic WO
3
samples were cleaned

using acetone (J.T. Baker, Nederland) and dried in nitrogen
streamafter anodization process.Themorphologies of anodic
WO
3
nanostructures were observed by field emission scan-

ning electron microscopy (FESEM), using a FEI Quanta 200
(FESEMmodel, USA) at a working distance of around 1mm.
The cross-sectional observation was carried out on mechani-
cally bent samples to get the thickness of the oxide layer. The
chemical stoichiometry of the samplewas characterized using
energy dispersive X-ray (EDX) analysis, which is equipped in
the FESEM. In order to assess the photocatalytic performance
of the anodic WO

3
nanostructure formed, anodized W foil

of 25mm × 25mm was prepared and placed in 200mL of
30 ppmMOdye in a customized photoreactormade of quartz
glass. Two different surface morphologies of anodic WO

3

nanostructurewere selected forMOdye degradation purpose
(e.g., oxide layer and nanotubular structure). In the present
study, both samples were left in the photoreactor for 30min in
a dark environment to achieve adsorption/desorption equi-
librium. Then, both samples were photo-irradiated at room
temperature by using a 150W Xenon solar simulator (Zolix
LSP-X150) with intensity of 800W/m2. A 5mL solution
was removed at an interval of 1 h from the photoreactor,
and concentration of the solution was measured using a
UV spectrophotometer (PerkinElmer Lambda 35). Next,
the photoelectrochemical properties of the selected samples
were further characterized using a three-electrode water
splitting cell, with WO

3
nanotubes as the working electrode,

platinum rod as the counter electrode, and saturated calomel
electrode (SCE) as the reference electrode. The bath with
electrolyte composed of 0.5M sulfuric acid aqueous solution
was selected in this experimental work.TheH

2
gas generated

at platinum rod was collected using the water displacement
technique. As the H

2
gas was produced in counter electrode

in water splitting chamber, it was bubbling up into inverted
burette.The volume of H

2
gas was determined by reading the

gas level on the side of burette.

3. Results and Discussion

In the present study, the effect of fluoride content and
anodization time on the morphology of anodic WO

3
layer

was investigated. Figure 1 to Figure 3 showed the surface
morphologies of anodic WO

3
layer in different fluoride

content electrolyte from 15min up to 60min of anodization

time. As shown from the FESEM images, the appearance of
anodic WO

3
layer was strongly dependent on the fluoride

content and anodization times. Then, the EDX analysis was
employed to investigate the composition of element ofW and
O from the anodic WO

3
layer. Based on the results obtained,

the atomic percentage of W element was about 55 at%
and O element was about 45% at%. During electrochemical
anodization, fluoride content played an important role in
controlling the chemical dissolution rate at the interface of
W/WO

3
[14]. Figure 1 exhibited variations of WO

3
surface

morphology under low 0.3 wt% fluoride content electrolyte
for different anodization times. It could be observed that
formation of oxide layer on W foil was incomplete at
15min of anodization time (Figure 1(a)). Interestingly, only
thin compact oxide layer with randomly pits was formed
after prolonging the anodization time to 30min and 60min
(Figures 1(b) and 1(c)). The resultant thickness of oxide layer
was approximately 100 nm. These results indicated that low
fluoride concentration was insufficient in forming the deep
and large pore size on the oxide layer due to the inactive
chemical dissolution reaction [15]. In this case, oxygen ions
within the electrolyte through the W surface towards the
W/WO

3
interface induce further growth of the oxide layer

under applied potential. The high electric field across the
oxide layer ofWO

3
and subsequently induce the polarization

ofW–O bonding, which is able to transfer theW6+ ions from
the pores and leave behind random pits [14, 15]. By further
increasing the content of fluoride to 0.5 wt%, the irregular
anodic WO

3
nanoporous structure with thickness of approx-

imately 200 nm could be observed from Figures 2(a) to 2(c).
However, it could be noticed that the pore diameter on the
oxide layer was increasing up to 70 nm when prolonging the
anodization time to 60min.The uniform anodic nanoporous
WO
3
layer could be achieved in 1M Na

2
SO
4
electrolyte

composed of 0.5 wt% fluorides content. When the fluoride
content was further increased to 0.7 wt%, a hollow cylinder
oxide nanostructure was observed as shown in Figure 3(a),
which indicated that the amount of fluoride in the electrolyte
was sufficient to increase the chemical dissolution rate. This
condition led to further acidification reactions to develop the
nanoporous structure into nanotubular structure [16–18]. In
this case, tungsten fluoro-complex ions within the electrolyte
playing an important role in inducing chemical dissolution
to enlarge and deepen pores and eventually transforming
to nanotubular structure [14]. It is noteworthy to mention
that the WO

3
nanotubes with diameters of approximately

85 nm and lengths of 250 nm were successfully formed when
the fluoride content was increased to 0.7 wt%. However,
nanotubular structure disappearedwhen further the anodiza-
tion time increased to 30min and 60min and eventually
resulted in irregular nanoporous structure (Figures 3(b)
and 3(c)). The reason might be attributed to the excessive
chemical etching on the wall surface of nanotubes during the
chemical dissolution reactions.Thus, optimization of fluoride
content identified in our electrolyte was 0.5 wt% in order
to grow the well-aligned one-dimensional WO

3
nanotubes

for 15min electrochemical anodization duration. Figure 4
presented a simple schematic illustration of formation of
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Figure 1: FESEM images of anodic WO
3
nanostructures obtained in 1M Na

2
SO
4
electrolyte containing 0.3 wt% NH

4
F for different

anodization times at 40V: (a) 15min, (b) 30min, and (c) 60min. Insets show the cross-sectional view of anodic oxide layers.

anodic WO
3
nanostructured film during electrochemical

anodization stage in the presence of insufficient and adequate
fluoride content.

The photocatalytic removal ability of the selected sample
of anodic WO

3
oxide layer was compared with that of the

anodic WO
3
nanotubular structure by exposing the samples

to MO dye under solar illumination. The initial MO dye
concentration in the solution was fixed at 30 ppm. The
changes in MO dye concentration were investigated within 5
hours and the result was shown in Figure 5. The degradation
rates ofMOdye concentration for sample “anodicWO

3
oxide

layer” and sample “anodic WO
3
nanotubular structure” was

decreased from 30 ppm to 13.5 ppm and 8.5 ppm, respectively.
When anodic WO

3
nanotubular structure exposed to the

hv illumination that solar photonic energy is higher than
its band gap energy (2.4–2.8 eV), the anodic WO

3
itself will

generate pairs of photo-induced electrons (e−) and holes
(h+). In this manner, the e− and oxygen molecule (O

2
)

will combine to form super oxide anion (O
2

∙−), whereas
the h+ of anodic WO

3
and water molecule (H

2
O) will

generate hydroxyl radical (∙OH). These powerful oxidizing
agents (∙OH and O

2

∙−) will then decompose the MO dye
(organic dye) into CO

2
and H

2
O. This cycle will continue

when the hv illumination is available. A simple schematic
illustration of basic principal in photocatalytic degradation
of MO dye is shown in Figure 6. In theoretical perspectives,
the photocatalytic degradation performance of anodic WO

3

can be related on the ability to generate pairs of charge
carriers, which will release powerful oxidizing agents (∙OH
andO

2

∙−) that are able to undergo the secondary reactions. In
other words, anodic WO

3
nanotubular structure with larger

surface area of active reaction sites (inner and outer wall
surface of nanotubes) has better photon absorption under
hv illumination. The distance of light scattering inside the
nanotubes extends and provides more photon absorption to
trigger the photocatalytic degradation reaction.

On the other hand, the evolution rate of H
2
gas generated

from the photoelectrochemical (PEC) water-splitting process
under solar illumination was measured. The H

2
evolution

as a function of time is shown in Figure 7. H
2
genera-

tion rate from water splitting reaction increased linearly
with increasing exposure time. The sample (anodic WO

3

nanotubular structure) achieved a maximum evolution of
approximately 1mL/cm2 within 1 hour, which is relatively
higher compared with the anodic WO

3
oxide layer. The

H
2
production completely stopped after the termination
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Figure 2: FESEM images of anodic WO
3
nanostructures obtained in 1M Na

2
SO
4
electrolyte containing 0.5 wt% NH

4
F for different

anodization times at 40V: (a) 15min, (b) 30min, and (c) 60min. Insets show the cross-sectional view of anodic oxide layers.
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Figure 3: FESEM images of anodic WO
3
nanostructures obtained in 1M Na

2
SO
4
electrolyte containing 0.7 wt% NH

4
F for different

anodization times at 40V: (a) 15min, (b) 30min, and (c) 60min. Insets show the cross-sectional view of anodic oxide layers.

of hv illumination. This observation clearly shows that H
2

is only produced photocatalytically. A constant production
rate of H

2
gas could be observed in the present study. In

theoretical perspectives, PEC water splitting process is the
general term for a chemical reaction in which water is

separated intoO
2
andH

2
using anodicWO

3
film that catalyze

the water splitting reaction. A basic schematic diagram
of such overall water splitting reaction using a semicon-
ductor photocatalyst is presented in Figure 8. The water
splitting reaction can be summarized as follows: 2H

2
O(l) →
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Figure 4: Schematic illustration of formation and mechanistic
studies of anodic WO

3
nanostructured film with and without

fluoride content during electrochemical anodization stage.
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Figure 5: Photodegradation ofMOdye: (a) anodicWO
3
nanostruc-

tures obtained in 1M Na
2
SO
4
electrolyte containing 0.7 wt% NH

4
F

for 15min at 40V, (b) anodic WO
3
nanostructures obtained in 1M

Na
2
SO
4
electrolyte containing 0.3 wt% NH

4
F for 15 min at 40V.

O
2
(g) + 2H

2
(g). The overall water splitting reaction is con-

sidered as a thermodynamically uphill reaction with a large
Gibbs free energy of ΔG0 = +237.2KJmol−1. This reaction
indicates that photon energy is required to overcome the
large positive change in Gibbs free energy through PECwater
splitting process [19, 20]. The light-driven water splitting
process is triggered when anodic WO

3
film absorbs photons

from hv illumination with energies greater than its band gap
energy. This light absorption generates negative e− in the
conduction band and positive h+ in the valence band. The
h+ performs work at the anodic WO

3
electrolyte interface

oxidizing water molecules to create O
2
and H+ ions within

the electrolyte. Then, the e− will move through the external
circuit to the platinum electrode (counter electrode) where
they reduce H+ ions creating H

2
molecules due to the electric

field or under external bias [20].The PEC water splitting per-
formance is consistent with the photocatalytic degradation.
In summary, the self-organized WO

3
nanotubular structure

Degradation MO dye
(CO2 + )

Degradation MO dye
(CO2 + )

e−

e−

WO3

h+

h+

H2O
H2O

H2O

(OH−)

+OH

+O−
2

O2

h� (photonic energy)

2.4–2.8 eV

Figure 6: The overall mechanism of the photocatalytic degradation
ofMOdye usingWO

3
nanostructured filmunder solar illumination.
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Figure 7: H
2
evolution under solar illumination of (a) anodic

WO
3
nanostructures obtained in 1M Na

2
SO
4
electrolyte containing

0.3 wt% NH
4
F for 15min at 40V and (b) anodic WO

3
nanostruc-

tures obtained in 1M Na
2
SO
4
electrolyte containing 0.7 wt% NH

4
F

for 15min at 40V.

has strong ability to release much more photo-induced e−/h+
pairs than that of compact layer structure. Thus, it is crucial
to maximize the active surface area of photocatalyst (anodic
WO
3
) for better photocatalytic and photoelectrochemical

performance.

4. Conclusion

In conclusion, complete transformation of W foil to one-
dimensional WO

3
nanotubes with an average diameter of

85 nm and length of 250 nm could be achieved within 15min
in an electrolyte composed of 1M of Na

2
SO
4
and 0.7 wt%

of NH
4
F. The main reason attributed to the sufficiency of

tungsten fluoro-complex ions induced chemical dissolution
to enlarge and deepen pores and eventually transform to
nanotubes. The ability to grow large active surface area



6 The Scientific World Journal

Overall reaction: H2O
h�

h�

Photocatalyst
H2 + 1/2O2 ΔG∘ = 237.2 mol−1

H2O

h+
h+ h+

h+

e− e− e−
e−

VB

CB

H+

1/2H2

Reduction: 2H+ + 2e− → H2

1.23V

−1

1

2

0E∘(H+/H2)
(V

 v
er

su
s N

H
E,

 p
H
0

)/
V

E∘(O2/H2O)

1/2O2

kJ

Oxidation: H2O + 2h+ → 2H+ + 1/2O2

Figure 8: Basic principle of the overall water splitting for H
2
generation using a WO

3
nanostructured film.

of anodic WO
3
nanostructures demonstrated a substantial

enhancement in the degradation of MO dye and H
2
gener-

ation via water splitting process, as compared to the anodic
WO
3
oxide layers.
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The effect of TiO
2
layer applied to the conventional Fe

2
O
3
/FTO photoanode to improve the photoelectrochemical performance

was assessed from the viewpoint of the microstructure and energy band structure. Regardless of the location of the TiO
2

layer in the photoanodes, that is, Fe
2
O
3
/TiO
2
/FTO or TiO

2
/Fe
2
O
3
/FTO, high performance was obtained when 𝛼-Fe

2
O
3
and

H-TiNT/anatase-TiO
2
phases existed in the constituent Fe

2
O
3
and TiO

2
layers after optimized heat treatments. The presence

of the Fe
2
O
3
nanoparticles with high uniformity in the each layer of the Fe

2
O
3
/TiO
2
/FTO photoanode achieved by a simple

dipping process seemed to positively affect the performance improvement by modifying the energy band structure to a more
favorable one for efficient electrons transfer. Our current study suggests that the application of the TiO

2
interlayer, together with

𝛼-Fe
2
O
3
nanoparticles present in the each constituent layers, could significantly contribute to the performance improvement of the

conventional Fe
2
O
3
photoanode.

1. Introduction

Green energy sources have been extensively investigated to
replace the fossil fuels due to their inherent problems of
pollution and limited resources [1]. Among them, hydrogen
(H
2
) gas was one of the most actively studied energy sources

owing to its abundance, high specific energy capacity, and
environmentally friendliness [2–4]. Hydrogen can be pro-
duced by using hydrocarbons such as fossil fuels, natural gas,
andwater. Production of hydrogen gas by electrolysis of water
has been known to be the most efficient way [5–7]. Energy
required to generate hydrogen and oxygen by electrolysis of
water can be supplied through sun light. For the sun light
to be effectively utilized, electrodes having functions of pho-
toabsorbent and catalyst need to be employed for electrolysis
of water. Photoelectrochemical (PEC) system is an efficient
approach to produce hydrogen gas from water by utilizing an
unlimited resource of the sun light without generating envi-
ronmentally deleterious byproducts. With the development

of PEC system, much attention has been paid to the fabrica-
tion of high efficient photoelectrode for water splitting [4, 8–
10]. Among other things, materials extensively studied for the
photoelectrodewere Co [11, 12], Co-Pi [13, 14], IrO

2
[15], TiO

2

[16–18], CuO [19], WO
3
[20], Fe

2
O
3
[21], and so forth.

In particular, more interest has been drawn to Fe
2
O
3

material which could harvest visible part of solar spectrum
[21–23]. However, Fe

2
O
3
has some critical issues to be

resolved for the application to the PEC system as pho-
toelectrode such as electron-hole recombination. Several
approaches have been taken to reduce the recombination;
application of nanostructured materials, doping with appro-
priatematerials, and so forth. Photocurrent density generated
with the Fe

2
O
3
nanorods and nanowires was reported to have

1.3mA/cm2 [21] and 0.54mA/cm2 at 1.23 (𝑉 versus RHE)
[22], respectively. On the other hand, Fe

2
O
3
photoanode

doped with Ti and Si showed a little better performance
of 1.83mA/cm2 [24] and 2.2mA/cm2 at 1.23 (𝑉 versus
RHE) [25], respectively. However, the photocurrent density
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of Fe
2
O
3
photoanode modified with the nanostructures

and doping was found to be still far below the theoretical
value of 12.6mA/cm2 at 1.23 (𝑉 versus RHE). From our
previous work, we reported a high photocurrent density
of 1.32mA/cm2 at 1.23 (𝑉 versus RHE) with Fe

2
O
3
/FTO

photoanode without any doping [26], synthesized by a simple
process of dip coating and short-time heat treatment at
500∘C of nanosized Fe

2
O
3
on the FTO substrate. Our results

confirmed the importance of microstructure of Fe
2
O
3
to the

reduction of electron-hole recombination, which could be
modified and optimized by the coating amount of Fe

2
O
3
and

following heat treatment conditions [27]. Taking advantage
of photocatalytic effect of TiO

2
, Fe
2
O
3
/TiO
2
/FTO photoan-

ode was also fabricated in another study. From the energy
band structure viewpoint of the photoanode, the electrons
generated on the Fe

2
O
3
film should overcome a barrier to be

transferred to FTO, probably deteriorating the performance
[28]. However, the photoanode showed the opposite result of
much higher photocurrent density of 4.81mA/cm2 at 1.23 (𝑉
versus RHE) [29].

In this current work, the effect of microstructure and
energy band structure of the photoanodes with the differ-
ent arrangement of the constituent elements (e.g., TiO

2
/

Fe
2
O
3
/FTO, Fe

2
O
3
/TiO
2
/FTO) on the performance was

investigated and discussed in relation with the electrons
transfer in the photoanode.

2. Experimental Details

FTO glasses (Asahi Glass Co.) as a conducting substrate
of Fe
2
O
3
photoanode film for water splitting was at first

etched for 20min using Piranha solution (7 : 3 = 70% conc.
H
2
SO
4
: 30% H

2
O
2
) to make them have fresh surface and

then were dipped simply to make H-TiNT (hydrogen titanate
nanotube) particles supported in aqueous Fe(NO

3
)
3
solu-

tion (corresponding to Fe
2
O
3
precursor) or H-TiNT par-

ticles dispersed solution (corresponding to TiO
2
precursor

particles). In this study, various photoanode arrangements
such as Fe(NO

3
)
3
/FTO, Fe(NO

3
)
3
/H-TiNT/FTO, and H-

TiNT/Fe(NO
3
)
3
/FTO were prepared. Coated Fe(NO

3
)
3
and

H-TiNT particles were transformed into Fe
2
O
3
and TiO

2

phases, respectively, with heat treatments at 500∘C for 10min
in air. In other words, for the performance improvement
of Fe
2
O
3
film, the arrangements with H-TiNT interlayer

incorporated in between Fe(NO
3
)
3
and FTO and with H-

TiNT top layer on the Fe(NO
3
)
3
/FTOwere tried. All aqueous

solutions in this experiment were prepared using distilled
water with 1.8MΩ.

To make H-TiNT interlayer (finally Fe
2
O
3
/TiO
2
/FTO

arrangement), the FTO glass after having been surface-
treated for 20min in 0.2M polyethyleneimine (PEI, Aldrich
Co.) aqueous solution containing positively charged ions was
used as a transparent conductive substrate. First, the surface-
pretreated FTO glass was immersed for 20min in an aqueous
10 g/L H-TiNT particle solution dispersed together with
0.2M tetrabutylammonium hydroxide (TBAOH, Aldrich
Co.) to produce negatively charged ions. Afterwards, using
the same method, an H-TiNT-treated film was subsequently

immersed in 0.2M polydiallyldimethylammonium chloride
(PDDA, Aldrich Co.) aqueous solution, which contained
positively charged ions.The obtained H-TiNT/FTO glass was
dried under UV-Vis light irradiation (Hg-Xe 200W lamp,
Super-cure, SAN-EI Electric) to remove water and all surfac-
tants, such as PEI, TBAOH, and PDDA using photocatalytic
removal reaction occurred by H-TiNT particles with optical
energy bandgap of 3.5 eV [24], without any sintering. Then,
for the Fe(NO

3
)
3
nanoparticle coating process, the dried

H-TiNT/FTO substrates were dipped in an aqueous 1.0M
Fe(NO

3
)
3
solution with dipping times of 12 hrs. For forma-

tions of H-TiNT top layer on Fe(NO
3
)
3
/FTO films (finally

TiO
2
/Fe
2
O
3
/FTO arrangement), the precursor solution of

Fe
2
O
3
film supportedwasmade of 1.0MFe(NO

3
)
3
⋅9H
2
Oand

0.2M TBAOH (tetrabutylammonium hydroxide, Aldrich)
for dipping fresh FTO substrate for 12 hrs. After that, obtained
Fe(NO

3
)
3
/FTOwere dried at 80∘C for 12 hrs. For formation of

H-TiNT/Fe(NO
3
)
3
/FTO films, repetitive self-assembling of

oppositely charged ions in an aqueous solution was applied
to coat directly the H-TiNT particles using the same process
explained above. All dipping process was carried out at room
temperature in air.

All heat treatment was done inside a box furnace with
heating rate of 500∘C/sec to produce the final photoanode
thin film with 𝛼-Fe

2
O
3
phase for the water splitting process,

where the rapid heating rate was accomplished by plunging
the samples into the hot zone of the furnace maintained at
the setting temperatures of 420∼550∘C. Repetition of this
process yielded an H-TiNT particle thin film coated on
the FTO or Fe

2
O
3
film with approximately 700∼1000 nm

thickness as previously reported in our researches [30].
After the heat treatment at various conditions, the surface
microstructure of the Fe

2
O
3
thin films was observed with

scanning electron microscope (SEM; S-4700, Hitachi) and
their crystallinity was analyzed using X-ray diffractometer
(XRD; D/MAX 2500, Rigaku), Raman spectroscopy (Ren-
ishow, inVia Raman microscope), UV-Vis spectroscopy (S-
3100, Sinco). To measure the I-V and C-V electrochemical
properties using 𝜇Autolab type III potentiostat (Metrohm
Autolab), a calomel electrode and a Pt wire were used as
the reference and counter electrodes, respectively, when the
as-prepared, heat-treated coated Fe

2
O
3
/H-TiNT composite

films with various arrangements were used as the working
electrode in an aqueous 1.0M NaOH deaerated solution
under irradiation of 100mW/cm2 UV-Vis spectrum (Hg-Xe
200W lamp, Super-cure, SAN-EI Electric). The measured
potentials versus calomel were converted to the reversible
hydrogen electrode (RHE) scale in all I-V graphs.

3. Results and Discussions

Figure 1 shows I-V photoelectrochemical data and surface
morphology of the Fe

2
O
3
precursor/(H-TiNT)/FTO samples,

which had been heat treated at the predetermined tem-
peratures of 420∼550∘C for 10min. The amount of Fe

2
O
3

in the samples was 65.48wt% for the Fe
2
O
3
/H-TiNT/FTO

and about 30wt% for the Fe
2
O
3
/FTO, which was determined

based on the I-V photoelectrochemical performance as
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Figure 1: Photoelectrochemical I-V characteristics of Fe
2
O
3
precursor/H-TiNT/FTO heat treated at (a) 420∘C, (b) 460∘C, (c) 500∘C, and (d)

550∘C in the air, compared to (e) Fe
2
O
3
precursor/FTO heat treated at 500∘C.

reported in our previous study [29]. All the samples were
measured in the 1.0M NaOH solution under 100mW/cm2
of UV-Vis light illumination, and the linear sweep voltam-
metry was in the range of 0.0∼+2.0 (𝑉 versus RHE). The
photocurrent densities were obtained by eliminating the
“dark” fraction from “illumination” data, where dark data was
measured in the dark room without UV light illumination.
For the comparison, sample (e) without TiO

2
interlayer was

adopted from our previous work [26].
Regardless of the heat treatment temperatures, the per-

formance improvement was observed in the samples with
TiO
2
interlayer incorporated in between Fe

2
O
3
and FTO. In

particular, sample (c) prepared under the same condition as
sample (e) other than the presence of TiO

2
interlayer film

showed about 3 times increase of photocurrent density at 1.23
(𝑉 versus RHE) and the reduction of the onset voltage to
about 0.75V.These results suggest that theTiO

2
interlayer can

play a significant role in the efficient collection and conver-
sion of photoenergy.The extent of performance improvement
was found to be affected by the heat treatment temperature; it
showed a gradual improvement with the heat treatment tem-
perature of up to 500∘C, above which it rather deteriorated.
A similar result was observed with the Fe

2
O
3
/FTO samples

without TiO
2
interlayer film in our previous work [26].

Morphology of the Fe
2
O
3
/FTO sample after heat treat-

ment at 500∘C for 10min was shown in Figure 1(e). The
Fe
2
O
3
particles were observed to form a film conformal to

the FTO substrate, indicating a very thin and uniform film as
noted by Oh et al. [31]. Microstructure changes of the Fe

2
O
3

precursor/H-TiNT/FTO samples were also monitored as a
function of heat treatment temperature of 420∼550∘C. The

as-coated porous and rough H-TiNT particles with fibrous
morphology as reported in our previous work [27] were
broken into spherical particles through the heat treatments.
It is noteworthy that the Fe

2
O
3
particles in the Fe

2
O
3
/H-

TiNT/FTO samples were relatively smaller than those in
the Fe

2
O
3
/FTO sample, suggesting that the growth of the

Fe
2
O
3
particles was restrained by H-TiNT during the heat

treatments. However, no noticeable microstructural differ-
enceswere observed among the Fe

2
O
3
/H-TiNT/FTO samples

which could explain the performance variation occurred in
the samples.

The contribution of the TiO
2
interlayer placed in between

Fe
2
O
3
and FTO on the photocurrent density improvement

at 1.23 (𝑉 versus RHE) as a function of heat treatment
temperature was quantitatively expressed in Figure 2. The
data for the Fe

2
O
3
/FTO samples were taken as a reference

from our previous work [26].The effect of the TiO
2
interlayer

on the performance improvementwas substantially increased
with the temperature to the highest at 500∘C, above which it
rather declined.

Phase changes of the constituent materials in the samples
with the heat treatments were observed in our previous
work [30]. It was observed that Fe

2
O
3
precursor was grad-

ually transformed into 𝛼-Fe
2
O
3
phase with the increase of

heat treatment temperature from 420 to 550∘C. However,
peaks corresponding to 𝛼-Fe

2
O
3
phase became weaker above

500∘C. On the other hand, H-TiNT was transformed gradu-
ally but not fully into anatase-TiO

2
phase due to the short heat

treatment time of 10min.Therefore, from the phase and pho-
tocurrent density changes of the samples, the performance
improvement is considered to be closely associated with
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Figure 2: Comparison of photocurrent densities at 1.23V versus
RHE for Fe

2
O
3
/TiO
2
/FTO and Fe

2
O
3
/FTO samples with annealing

temperatures.

the phases present in the samples: the best performance
could be obtained when H-TiNT and anatase-TiO

2
phases

coexisted with the well-developed 𝛼-Fe
2
O
3
phase in the

sample.
Effect of the coating layers arrangement in the Fe

2
O
3
-

TiO
2
-FTO samples was investigated in terms of the per-

formance in Figure 3, in which the photocurrent densities
were obtained by eliminating the “dark” fraction from “illu-
mination” data. All the samples except sample (d) were
heat treated once at 500∘C for 10min in the air following
synthesis of the multilayered electrodes. Sample (d) was
heat treated twice under the same condition mentioned
above: once after TiNT coating on the FTO, then repeated
after Fe

2
O
3
coating on the heat-treated TiO

2
/FTO layer.

Regardless of the location of TiO
2
layer, above or below

Fe
2
O
3
layer (Fe

2
O
3
/TiO
2
/FTO (Figures 3(b) and 3(d)) or

TiO
2
/Fe
2
O
3
/FTO (Figure 3(c))), samples containing TiO

2

layer (Figures 3(b), 3(c), and 3(d)) showed much better
performance compared to that (Figure 3(a)) without TiO

2

layer, increased photocurrent density as well as reduced onset
voltage.

Microstructure observed in Figure 4 suggested that film
uniformity along with the controlled particles size could
play an important role for the performance improvement,
Fe
2
O
3
/TiO
2
/FTO sample (Figure 4(b)) with the best perfor-

mance consisted of smaller particles with high uniformity
than sample (c) of TiO

2
/Fe
2
O
3
/FTO. Double heat-treated

sample (d) of Fe
2
O
3
/TiO
2
/FTO showed an inferior per-

formance to the corresponding sample (b) with the same
layer structure, which was annealed only one time. This
result also confirmed the importance of microstructure to
the performance; the poormicrostructure with agglomerated
particles and cracked surface after the double heat treatment
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Figure 3: Photoelectrochemical I-V characteristics of the samples
with the stacking structures of (a) Fe

2
O
3
/FTO, (b) Fe

2
O
3
/TiO
2
/FTO,

and (c) TiO
2
/Fe
2
O
3
/FTO, which were all heat treated at 500∘C for

10min in the air. Curve (d) was obtained from Fe
2
O
3
/TiO
2
/FTO

double heat treated under the same condition as above: 1st after
H-TiNT coating on FTO and 2nd after Fe

2
O
3
coating on the heat-

treated H-TiNT/FTO.

as shown in sample (d) adversely affected the performance of
the sample. On the other hand, Figure 4(a) shows the Fe

2
O
3

precursor powders becoming much larger when heat treated
at 500∘C for 10min, compared to the Fe

2
O
3
particles existing

together with the TiO
2
in the case of Figures 4(b)–4(d).These

observations are consistent with the results of Figure 1, which
showed the restrained growth of the Fe

2
O
3
particles by H-

TiNT during the heat treatment.
It is noteworthy that among the samples with TiO

2

layer, the sample (Figures 4(b) and 4(d)) with the TiO
2

layer in between Fe
2
O
3
and FTO layer showed better result

than the sample (Figure 4(c)) having the TiO
2
layer above

Fe
2
O
3
layer. These results were discussed in terms of energy

band structure andmicrostructure. Energy band diagrams of
the Fe

2
O
3
/TiO
2
/FTO and TiO

2
/Fe
2
O
3
/FTO samples without

UV-Vis light irradiation were schematically drawn in Figures
5(a) and 5(b), respectively. It was proposed byWang et al. that
a photoelectrode with TiO

2
based film such as SrTiO

3
located

above Fe
2
O
3
filmwas a favorable structure for electrons trans-

fer from the energy band diagram consideration [32]. Their
claim seems to be reasonable from the comparison of the
energy band diagrams when being not under UV-Vis light.
However, our results showed that the electrons generated on
the Fe

2
O
3
layer in the Fe

2
O
3
/TiO
2
/FTO photoanode could

be transferred to the TiO
2
/FTO when being under the UV-

Vis light irradiation by overcoming the discontinuity of the
conduction bands.

On the other hand, the microstructure of the Fe
2
O
3
/

TiO
2
/Fe
2
O
3
sample synthesized for the current work was

also carefully considered. While synthesizing the Fe
2
O
3
/

TiO
2
/FTO sample, some of the Fe

2
O
3
nanoparticles could be
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(a) (b)

(c) (d)

Figure 4: SEM photos of (a) Fe(NO
3
)
3
powders heat treated at 500∘C for 10min, and (b), (c), (d) correspond to Figures 3(b), 3(c), and 3(d),

respectively.
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Figure 5: Energy band diagrams of (a) Fe
2
O
3
/TiO
2
/FTO and (b) TiO

2
/Fe
2
O
3
/FTO photoanode and (c) schematic microstructure of Fe

2
O
3
-

TiO
2
-FTO.
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Figure 6: CV characteristics measured under 100mW/cm2 UV-Vis illumination: (A) (a) FTO glass, (b) TiO
2
/FTO, and (c) Fe

2
O
3
/FTO

samples were investigated after heat treatment at 500∘C for 10min in the air, (B) Fe
2
O
3
/TiO
2
/FTO samples were become heat treated for

10min in the air at (a) 420∘C, (b) 500∘C, and (c) 550∘C, (C) (a) Fe
2
O
3
/TiO
2
/FTO and (b) TiO

2
/Fe
2
O
3
/FTO heat treated at 500∘C for 10min

in the air, and (c) Fe
2
O
3
/TiO
2
/FTO sample double heat treated, corresponding to (d) in Figure 3.

infiltrated to the bottom FTO substrate through TiO
2
parti-

cles when TiNT/FTO was placed in the precursor solution of
Fe
2
O
3
. As a result, Fe

2
O
3
nanoparticles could also be present

in the middle TiO
2
and the bottom FTO layer as depicted

in Figure 5(c). Thus, our sample of Fe
2
O
3
/TiO
2
/FTO seemed

actually to have an energy band diagram combining both of
Figures 5(a) and 5(b), indicating that the photoanode with
Fe
2
O
3
nanoparticles present even in the middle and bottom

substrate is preferable for the performance enhancement.
Oxidation-reduction reactions for the selected photoan-

ode samples were observed by using cyclic voltammetry (CV)
to investigate the effect of the coating sequence of constituent
films and heat treatment condition on the photoelectrode
performance. CV data for the samples of FTO glass, TiO

2
/

FTO, and Fe
2
O
3
/FTOwere obtained as a reference in Figures

6(A)-(a), 6(A)-(b), and 6(A)-(c), respectively. As expected
the sample including Fe2O3 showed active reactions with

the applied potential. According to the data (Figure 6(B))
from the Fe

2
O
3
/TiO
2
/FTO samples heat treated at the various

temperature of 420 ∼ 550∘C for 10min, the sample heat
treated at 500∘C showed multiple oxidation-reduction peaks,
contributing to higher photocurrent density. These results
were found to be consistent with I-V data of the samples
described in Figure 1 where the sample heat-treated at 500∘C
showed best performance. The sample of Fe

2
O
3
/TiO
2
/FTO

which showed best result after heat treatment at 500∘C was
then compared with TiO

2
/Fe
2
O
3
/FTO sample to see the

effect of the location of TiO
2
layer placed in the photoanode,

which was also heat treated under the same condition. These
samples showed a clear contrast in the results as shown in Fig-
ures 6(C)-(a) and 6(C)-(b), respectively: Fe

2
O
3
/TiO
2
/FTO

sample produced more and clear oxidation-reduction peaks.
On the other hand, the sample of Fe

2
O
3
/TiO
2
/FTO, which

was heat treated twice after each coating of TiO
2
and Fe

2
O
3
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layers, showed an intermediate performance (Figure 6(C)-
(c)). These results were all well consistent with the I-V
data in Figure 3 where the sample of Fe

2
O
3
/TiO
2
/FTO heat

treated once (Figure 3(b)) at 500∘C showed best performance
followed by the sample double heat treated (Figure 3(d)) and
TiO
2
/Fe
2
O
3
/FTO sample (Figure 3(c)).

4. Conclusions

Fe
2
O
3
-TiO
2
based photoanodes for water splitting were syn-

thesized on the FTO substrate and their performance results
were understood from the microstructure and energy band
aspects. Comparatively, the photoanode (Fe

2
O
3
/TiO
2
/FTO)

comprising top layer of 𝛼-Fe
2
O
3
nanoparticles along with

the interlayer having mixed phases of H-TiNT/anatase-TiO
2

showed best performance. The nanoscaled Fe
2
O
3
particles

with high uniformity were observed to contribute to the
performance enhancement. In addition, the presence of the
Fe
2
O
3
nanoparticles in the middle and bottom layers caused

by the infiltration of the precursor solution of Fe
2
O
3
during

synthesis seemed to modify the energy band structure to
more favorable one for efficient electrons transfer. Our cur-
rent results suggest that the application of the TiO

2
interlayer,

together with optimized amount of 𝛼-Fe
2
O
3
nanoparticles

present in the constituent layers, could significantly con-
tribute to the performance improvement of the conventional
Fe
2
O
3
photoanode.
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