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ABSTRACT
OPTIMIZATION OF THE SYNTHESIS OF CARBON MODIFIED (CM)-n-TiO2,
(CM)-n-Fe2O3, AND (CM)- p-WO3 SEMICONDUCTORS FOR EFFICIENT
PHOTOELECTROCHEMICAL SPLITTING OF WATER

By
Yasser A. Shaban
August 2008

Dissertation Supervised by Dr. Shahed U. M. Khan
My Ph.D. Dissertation describes (1) optimization of the synthesis of carbon
modified (CM)-n-TiO2, (CM)-n-Fe2O3, and (CM)-p-WO3 semiconductors for efficient
photoelectrochemical splitting of water, and (2) development of various configurations
for self driven photosplitting of water. (1) Thermal flame oxidation was utilized to
synthesize carbon modified photocatalysts. The synthesis was carried out by using
custom designed large area flame under controlled natural gas and oxygen gas flows.
The carbon modification was achieved by incorporation of carbon into n-TiO2, n-Fe2O3,
and p-WO3 structures during thermal flame oxidation. The photoresponses of these films
were measured for water splitting reaction under white light illumination from xenon
lamp, solar simulator and sunlight, each with intensity of 100 mW cm-2 (1 sun).
Optimization of visible light active carbon modified (CM)-n-TiO2 photoelctrodes was the
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first goal pursued in this work. The photoresponse of carbon modified n-type titanium
oxide (CM-n-TiO2) was optimized with respect to several parameters, including Ti metal
thickness, flame temperature, oxidation time, Ti metal surface grooving, and combination
of spray pyrolysis and thermal flame oxidation methods. Research showed maximum
photoconversion efficiencies for water splitting of 9.08 % and 11.31% at the optimized
flat and grooved CM-n-TiO2 samples synthesized by thermal flame oxidation,
respectively. CM-n-TiO2 synthesized by the combination of spray pyrolysis and thermal
flame oxidation showed the highest photoconversion efficiency of 14.04 % under xenon
lamp illumination. Under actual sunlight illumination, these three samples generated
photoconversion efficiencies of 5.63 %, 7.62 % and 13.79 %, respectively. Carbon
modified tungsten oxide (CM-p-WO3) photoelectrodes synthesized by thermal oxidation
of tungsten metal sheets exhibited p-type photoresponse with a maximum
photoconversion efficiency of 2.16 % under xenon lamp illumination. The maximum
photoconversion efficiency for water splitting improved significantly from 3.61 % for
oven made n-Fe2O3 to 6.5 % for CM-n-Fe2O3 synthesized by thermal flame oxidation
process. (2) Carbon modified (CM)-n-TiO2 was coupled with a p-type semiconductors,
p-GaInP2 and CM-p-WO3, in a single compartment PEC, to photosplit water efficiently
without the need of any external bias potential. Self-driven solar to hydrogen production
efficiencies of 13.03 % and 0.5 % were obtained for CM-n-TiO2 / p-GaInP2 and CM-nTiO2 / CM-p-WO3, respectively.
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Chapter 1
Introduction
Conventional energy resources such as coal, petroleum products, etc. which are
being used to meet most of the world’s energy requirements, are being depleted rapidly.
As a consequence, it is necessary to produce an alternative fuel which should in principle
be pollution free, renewable and economical. There is a growing awareness that
hydrogen is the fuel of the future. Photoelectrochemical water splitting by sunlight to
produce hydrogen is a sustainable and renewable means of producing ‘clean’ energy and
is expected to be increasingly important due to the following reasons: 1

− Solar-hydrogen technology is relatively simple and, therefore, the cost of such a fuel
is expected to be low.

− The only raw material for the production of solar-hydrogen is water, which is a
renewable resource.

− Large areas of the globe have ready access to solar energy which is the only required
energy source for solar-hydrogen generation.

− Combustion of hydrogen results in the generation of water, which neither results in
air pollution nor leads to the emission of greenhouse gases.
The most critical issue in the development of hydrogen energy, and specifically
the technologies for the conversion of renewable energy into other forms of energy, is the
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development of a special class of materials required for efficient and clean conversion of
energy. Since Fujishima and Honda 2-4 reported the electrolysis of water using a photoelectrochemical cell (PEC) composed of TiO2 single crystal as photo-anode, scientific
interest in the potential applications of semiconductor materials for solar energy
conversion has grown significantly. Semiconductors have been utilized for this purpose
in the form of electrodes, 5-14 colloids, 1-19 powders 20-33 and thin films. 34-40

1.1 Concept of solar-hydrogen generation
The principle of photo-electrochemical water decomposition is based on the
conversion of light energy into electricity within a cell involving two electrodes,
immersed in an aqueous electrolyte, of which at least one is made of a semiconductor
exposed to light and able to absorb the light. In theory, there are three options for the
arrangement of photo-electrodes in the assembly of photo-electrochemical cells: 41-45
1. Photo-anode made of n-type semiconductor and cathode made of metal;
2. Photo-anode made of n-type semiconductor and photo-cathode made of p-type
semiconductor;
3. Photo-cathode made of p-type semiconductor and anode made of metal.

1.2 Materials aspects of photo-electrochemical cells (PECs)
The efficiency of a solar hydrogen photo-production process is of considerable
importance because high efficiency translates into lower costs. The U.S. Department of
Energy has set a 10 % efficiency benchmark for economically viable photocatalytic water
splitting system. It is therefore important to search for a stable and low cost material for
efficiently harvesting the solar energy. In order to use semiconductors as photoelectrodes,
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they must be able to absorb enough sunlight (to split water efficiently) and, in addition,
be stable against photocorrosion. Most PEC photo-electrodes that exhibit sustainable
performance are fabricated from oxide materials. 2, 41, 42, 46-84 The electronic structure of a
semiconductor plays a key role in semiconductor photocatalysis. Unlike a conductor, a
semiconductor consists of a valence band (VB) and a conduction band (CB). The energy
difference between these two levels is said to be the band gap (Eg). 85

Figure 1.1 Basic principle of overall water splitting on a co-catalyst-loaded semiconductor. 86

For efficient H2 production using a visible-light-driven semiconductor, the band
gap should be less than 3.0 eV, but larger than 1.23 eV 86-89 (Figure 1.1) Moreover, the
conduction band (CB) and valence band (VB) levels should satisfy the energy
requirements set by the reduction and oxidation potentials for H2O, respectively. For
hydrogen production, the CB level should be more negative than hydrogen production
level EH2/H2O while the VB should be more positive than water oxidation level EO2/H2O for
efficient oxygen production from water by photocatalysis. Figure 1.2 shows the band
gaps energies of different candidate oxide materials for photo-electrodes.
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Figure 1.2 Diagram showing band gap energy of different oxide materials and relative energies
with respect in terms of vacuum level and normal hydrogen electrode level in
electrolyte of pH = 2. 43

Among the materials for photocatalytic applications, titanium dioxide (n-TiO2)
remains the most promising because of its low cost, chemical inertness, nontoxicity, and
photostability. Titanium dioxide is impaired by its wide band gaps (3.0-3.2 eV), which
requires ultraviolet irradiation for photocatalytic activation. Because UV light accounts
for only a small fraction (5 %) of the sun’s energy compared to visible light from 400 nm
to 750 nm (49 %), any shift in the optical response of n-TiO2 from the UV to the visible
spectral range will have a profound positive effect on the photocatalytic efficiency of the
material. Several attempts were made to lower the band gap of n-type titanium oxide (nTiO2) by transition metal dopants 90, 91 but no noticeable change in band gap energy of nTiO2 was observed. Visible light absorption by the transition metal doped n-TiO2 was
found to be due to d-d transition of electrons in the transition metal dopants but not due to
4

band gap lowering. Furthermore, the transition metal dopants in n-TiO2 acted as
recombination centers for the photogenerated carriers and thus reduced its photocatalytic
activity.
Recent studies have involved doping of n-TiO2 by nitrogen, 92-94 carbon, 95-104
sulfur, 105 also fabricating it in mesoporous, 106, 107 and nanostructured 108, 109 forms.
Photocatalytic activity of sulfur doped n-TiO2 was found to decline under UV and visible
light illumination due to catalytic poisoning induced by oxidation of sulfur to SO2 and
SO42-. As for nitrogen doped n-TiO2, it has been proved that its photocatalytic activity is
much lower than carbon doped n-TiO2.105 Furthermore, no studies on photosplitting of
water by nitrogen doped n-TiO2 have yet been reported.
Recently, it was found that carbon modification of n-TiO2 photocatalyst
synthesized by thermal oxidation of Ti metal in a natural gas flame lowered the band gap
energy of n-TiO2 to 2.32 eV and exhibited water-splitting to hydrogen and oxygen with a
photoconversion efficiency of 8.35 % 95 under illumination of light from a xenon lamp.
This progress stimulated further investigation into carbon doped n-TiO2 as photocatalysts
and their applications for water splitting reaction. 96-104
Carbon doping was considered to be responsible for the lowering of the band gap
of n-TiO2 and consequent high photocatalytic activity under visible light illumination.
Noworyta and Augustynski 98 observed significant shift of the spectral photoresponses
(up to 425 nm) for carbon doped n-TiO2 film electrodes formed in the flame of a burner
fed with various gas mixtures. Sakthivel and Kisch 104 observed visible light absorption
by carbon-doped n-TiO2 synthesized by hydrolysis of TiCl4 with tetrabutylammonium
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hydroxide (C16H36NOH) followed by calcinations of the precipitates. They observed five
fold increase in photocatalytic activity of carbon doped n-TiO2 compared to nitrogen
doped ones. Xu et al. 102 reported that the carbon modified n-TiO2 nanoparticles
synthesized by wet process using glucose (C6H12O6) solution as the carbon source
absorbed well into the visible to near infrared region up to 800 nm. These CM-n-TiO2
samples showed thirteen fold increase in photocatalytic activity compared to regular
undoped n-TiO2 due to band gap lowering from 3.2 to 2.78 eV and generation of a midgap band at 1.45 eV above the valence band. Xu et al. 96 also showed enhanced rate of
water splitting at spray pyrolytically synthesized visible light active carbon doped n-TiO2
thin films. Enhanced photocatalytic activities of nanoscale carbon doped n-TiO2 were
also reported. 97 Irie et al. 103 observed visible light response for carbon-doped n-TiO2
synthesized by partial oxidation of titanium carbide powder.

In an important theoretical study, Nie and Sohlberg 110 reported the lowering of
the band gap of n-TiO2 to 2.32 eV (535 nm) by carbon incorporation and predicted that it
may be possible to achieve the band gap value of 1.58 eV by some complex carbon
doping. Interestingly, it was found experimentally that enhanced carbon doping lowered
the band gap of n-TiO2 up to 1.45 eV. 96 Wang and Lewis 111, 112 addressed the effects of
carbon dopants concentration on the photoresponse of TiO2 in the visible-light region.
They found that the substitutional carbon dopants incorporated into TiO2 drastically
affected the electronic structure of the material, thus improving its photoactivity. They
predicted the low band gap of 2.35 eV for carbon doped TiO2 as it was experimentally
observed earlier. 98 The theoretical findings of Valentin et al. 113 reveals the presence of
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substitutional and interstitial carbon (Figure 1.3) present in carbon doped TiO2 are
responsible for the lowering of its main band gap and as well as generating a mid-gap
band.

Figure 1.3 Partial geometry of the models for (a) one substitutional C atom to O (CS-O), (b) one
substitutional C atom to Ti (CS-Ti), (c) one interstitial C atom (CI), and (d) one
interstitial C atom nearby an oxygen vacancy (CI + VO) in the rutile supercell. The
yellow spheres represent O atoms, the small brown spheres represent Ti atoms, and
the black sphere presents the carbon impurity. 113

Kamisaka et al. 114 investigated the structure and optical response of C-doped
TiO2. Two potential doping sites were investigated: the oxygen and titanium sites. They
reported that substitution on the Ti sites by carbon atoms (Figure 1.4a) led to the
formation of carbonate anions, whereas substitution on the oxygen sites (Figure 1.4b) did
not show any significant structural changes. In the former case, no visible-light response
was observed. In the latter case, a visible-light response was observed due to the
appearance of an unoccupied impurity state occurring in the band gap.
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(a)

(b)

Figure 1.4 Structure of C-doped TiO2; (a) carbon atom substituted on Ti sites; (b) carbon atom
substituted on O sites. 114

Nakano et al. 115 prepared TiO2:C films by oxidative annealing of sputtered TiC
films. They reported three bands having energies 0.86 eV, 1.30 eV, and 2.34 eV below
the conduction band of carbon doped n-TiO2. They attributed the 0.86 eV level to the
intrinsic nature of TiO2, whereas the 1.30 eV and the 2.34 eV levels are newly introduced
by the C-doping and behave as deep-level bands. In particular, the pronounced 2.34 eV
band contributes to band gap narrowing by mixing C 2p with the O 2p valence bands.
Therefore, the 2.34 eV level plays a significant role in determining the visible-light
sensitivity in TiO2:C.
Shanker et al. 116 investigated the effect of flame annealing on the spectral
photoresponse of titania nanotubes and demonstrated the enhancement of the visible light
absorption and the photocurrent due to annealing in the flame. However, in their study,
the flame annealing was carried out at 1020 °C which is much higher than the optimum
temperature of 820 oC observed in our lab. Such high temperatures generally remove
considerable amount of carbon from the sample and thus reduces the photoresponse.
Given the sensitivity of CM-n-TiO2 to flame temperature, Xu et al. 117 prepared highly
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ordered n-TiO2 nanotube array films by electrochemical anodization Ti metal sheet
followed by calcinations in an electric oven and further oxidation in natural gas flame at
optimum temperature to incorporate carbon into it. Significant enhancement of the
photoresponse of these carbon modified (CM)-n-TiO2 nanotube films for water splitting
was reported. 117, 118 Xu et al. 96, 97 focused on wet process synthesis of CM-n-TiO2 thin
films by spray pyrolysis and subsequent calcinations using glucose as the carbon source
in the spray solution. This wet process synthesis allowed molecular scale mixing of the
carbon source with precursor of TiO2 for improved doping homogeneity and is capable of
tuning the carbon content in the film.
Enhanced carbon doped n-TiO2 films were synthesized by spray pyrolysis of glucose
containing TiCl4 ethanolic solution followed by calcination in ambient argon. 97 Argon was
found to be the most effective calcining ambient to enhance the carbon doping of n-TiO2
films. The resultant carbon modified n-TiO2 thin film calcined in Ar at the optimum
temperature of 700 oC contained 3.8 at % carbon and showed higher photoresponse in both
UV and visible regions compared to those calcined in air at the optimum temperature of 500
o

C that contained 2.3 at % carbon. Carbon content in these samples calcined in presence of

oxygen in air reduced due to removal of some carbon in the form of CO and CO2.
Among various oxide semiconductor photocatalysts, iron (III) oxide (Fe2O3) is a
low-cost semiconductor with high stability. Iron (III) oxide has a band gap of 2.0–2.3
eV; therefore, it can absorb solar radiation up to 620 nm, which covers ~ 37 % of the
photons of the solar spectrum of global AM 1.5 (1 sun).119 However, challenges are set
by its quite low photoresponse due to its high resistivity and consequent recombination of
photogenerated carriers. To minimize these limitations, it has been reported that dopants,
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either n-type 120-123 or p-type 124,125 improved the photoresponse of iron (III) oxide
(Fe2O3) toward water splitting to hydrogen. Thin films of n-Fe2O3 have been extensively
studied.120-136 For example; n-Fe2O3 films were synthesized by a sputtering method, 126 by
pressing powders of Fe2O3,127-129 and by ultrasonic spray pyrolysis.130 The n-Fe2O3 films
were also synthesized by the spray pyrolysis method 120, 133-136 on a conducting SnO2coated glass substrate with reported photoconversion efficiencies of up to 3.75 % for
water-splitting.120
Semiconducting tungsten oxide (WO3) is another important candidate for
photocataylsis and has been investigated extensively due to its promising physical and
chemical properties.137-139 The WO3 films are non-toxic and have a relatively low price.
Semiconducting tungsten oxide (WO3) is an interesting candidate for photocatylsis
because of its relatively low bandgap energy (Eg = 2.6 eV), 140-143 resulting in possible
utilization of 12 % of the solar spectrum.144 Spectral response studies were carried out for
n-type WO3 by different workers.145, 146 For example; n-WO3 films were synthesized by
conventional evaporation techniques147, 148 and, more recently, with the sol-gel
process.149, 150

1.3 Mechanism of Water Photo-Electrolysis in Terms of the Band Model
The band structures of both electrodes, involving the photo-anode of an n-type
semiconductor and metallic cathode, at different stages in the formation of the photoelectrochemical cell (PEC) circuit, are shown schematically in Figures 1.5–1.8. 151 These
figures show the band structure; band levels of the electrodes before and after the chain is
established (in comparison with the potentials corresponding to the H+/Ho and O2/H2O
redox couples). Figure 1.5 shows the energy diagram before the galvanic contact is
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made between the two electrodes. As seen in Figure 1.6, the contact between the two
electrodes (in the absence of light) results in electronic charge transfer from the solid of
lower energy level (semiconductor) to the solid of higher energy level (metal) until the
energy levels of both electrodes assume the same value. This charge transfer results in a
change in the semiconductor surface’s electrical potential by VB, leading to band
bending. This energy relation is not favorable for water decomposition because the H+
/H2 energy level is above the Fermi energy level of the cathode.

Figure 1.5 Energy diagram of PEC
components: anode (semiconductor),
electrolyte, and cathode (metal) before
galvanic contact. 151

Figure 1.6 Energy diagram of PEC
components after galvanic contact
between anode and cathode. 151
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As seen in

Figure 1.7 Effect of light on electronic
structure of PEC components. 151

Figure 1.8 Energy diagram of PEC
components after galvanic contact
between anode and cathode. 151

As seen in Figure 1.7, the application of light results in the lowering of the surface
potential of the photo-anode and the lowering of the H+ /H2 potential. However, the latter
is still above the EF level of the cathode. Consequently, Figure 1.8 shows that the
application of an anodic bias is required to elevate the cathode EF level above the H+/H2
energy level, thus making the process of water decomposition possible.

1.4 Mechanism of Hydrogen Production from Water (electron–hole
transfer reaction)
Water photo-electrolysis using a PEC (Figure 1.9) involves several processes within
photo-electrodes and at the photo-electrode/electrolyte interface, including:

1.4.1 Splitting of Water Molecules
In an electrolyte solution, water molecules dissociates into H+ and OH4H2O → 4H+ + 4OH-

(1) in solution
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1.4.2 Light-induced excitation
When a semiconductor electrode is illuminated by a light source or directly
by solar radiation that can provide the electrode with photonic energy (hν) greater
than its band gap energy (Eg), then an electron (e-) from the valence band will be
excited into the conduction band, and correspondently, a positively charged hole
(h+) will be left in the valence band.
photoanode + sunlight → 4h+ + 4e-

(2)

Figure 1.9 Water photo-electrolysis using a photo-electrochemical cell (PEC).152

1.4.3 Reduction of Hydrogen Ions
The electrons generated as a result of reaction (2) are transferred over the external circuit
to cathode, resulting in the reduction of hydrogen (H+) ions to gaseous hydrogen
4H+ + 4e- → 2H2 (gas)

(3) at cathode
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1.4.4 Oxidation of Hydroxyl Ions
The light-induced electron holes from reaction (2), at the photo-anode/electrolyte
interface, resulting in the oxidation of hydroxyl (OH-) ions gaseous oxygen
4 OH- + 4h+ → O2 (gas) + 2H2O

(4) at photoanode

Eqs. (2) - (5) give the overall reaction as,
photoanode + sunlight + H2O → ½ O2 (gas) + H2 (gas)

1.5 Research Focus
The focus in this dissertation was to optimize the synthesis of solar energy
materials, such as carbon modified (CM)-n-TiO2, (CM)-n-Fe2O3, and (CM)-p-WO3
semiconductors, using thermal flame oxidation method, and to study their photoresponse
towards water splitting reaction. The conditions and parameters were optimized for the
efficient water splitting. Then, the combinations of (CM)-n-TiO2/(CM)-p-WO3 and pGaInP2/(CM)-n-TiO2 were constructed to develop a self-driven system for water splitting.
p-GaInP2 photoelectrodes used in this work were obtained from the National Renewable
Energy Laboratory (NREL).
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Chapter 2
Experimental
2.1 Synthesis of CM-n-TiO2, CM-n-Fe2O3, and CM-p-WO3 Films by
Thermal Flame Oxidation Method:
Titanium (0.127 mm thick, 99.6 % from Strem Co., 0.2 mm thick, 99.6 % from
Strem Co., and 0.25 mm thick, 99.5 % from Alfa Co.), iron (0.25 mm thick, 99.99% form
Alfa Aesar Co.) and tungsten (0.25 mm thick, 99.95 % from Alfa Aesar Co.) metal sheets
were cut to an area of ~ 1.0 cm2. Ti, Fe and W metal samples were cleaned in a sonicator
for three fifteen-minute intervals with: (i) acetone; (ii) acetone: double de-ionized water
(1:1); and then with (iii) double de-ionized water. After drying in air, these metal sheets
were thermally oxidized by using custom designed large flame (Knight, Model RN 3.5 x
a WC) under controlled natural gas and oxygen flows (Figure 1). Most importantly, the
flame must be kept facing downward to minimize presence of excess air flow from the
surrounding. The oxidation temperature and the oxidation time were varied from 800 ºC
to 950 ºC and from 5 to 30 minutes, respectively. Each flame oxidation temperature was
kept constant for the duration of oxidation by controlling the flow rates of oxygen (1.5
L/min to 2.0 L/min) and the natural gas (2.0 L/min). The flow rates of both natural gas
and oxygen were measured using the flow meter (OMEGA Engineering Inc., Model FL1806). The digital thermocouple (Thermolyne Corp K-type Thermocouple, PM-20700)
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was used to measure and maintain the temperature of the flame. The oxide layers on the
top of front and back sides of the Ti, Fe and W samples were removed using a file. This
area was used to make electric contact using a copper clip. The back side and part of the
front side were covered then with a non-conducting epoxy adhesive. The uncovered area
of the photoelectrode which was exposed to incident light was calculated using an Image
J computer program.

Large
flame

Sample

Brick

Figure 2.1 A picture showing the custom designed large flame (Knight, Model RN 3.5 x a WC)
by which the Ti, Fe, and W metal sheets were thermally oxidized. The height
between surface of the sample and the flame holes was 1 cm. The samples were
kept away from the outside edges of the flame by 3 cm.

2.2 Synthesis of Grooved CM-n-TiO2 Films by thermal flame oxidation
Grooves were made on the surface of Ti samples from Alfa (0.25 mm thick,
99.5% pure) as horizontal and vertical lines with different depths of 0.001, 0.003 and
0.005 inch. The distance between each grooved line was kept at about 1 mm apart.
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Grooved carbon modified n-type titanium oxide (CM-n-TiO2) films were then
synthesized by thermal flame oxidation method as described in section 2.1.

2.3 Synthesis of CM-n-TiO2 Films by Spray Pyrolysis
Spray pyrolytic synthesis of thin films of semiconductors preparation techniques
were described earlier in detail. 132, 134 The spray solution consisted of 0.175 M TiCl4 in
ethanol.

Spray solution
0.175 M TiCl4 in
100% ethanol

Ti metal
substrate

Hot plate
Figure 2.2 A diagram showing the position of the sprayer with respect to the hot plate on which
the Ti metal substrate was heated.

Titanium metal sheets from Alfa (0.25 mm thick, 99.5% pure) were used as
substrates. A custom Pyrex 250 mL round-bottom flask with two spray attachments on
the glassware was used to spray the solution as shown in Figure 2.2. These attachments
consist of two buret like tips that point at each other at a 90° angle. The lower buret
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serves to deliver the ethanolic solution and the other buret tip acts as the point at which
the carrier gas flows to atomize the ethanolic solution.
The spray pyrolysis was carried out at a substrate temperature of 460°C for a total
of 20 s. The pressure of the carrier gas (oxygen) was maintained at 20 PSI. Five minute
breaks were allowed between each spray period of 10 s to maintain a constant
temperature on the substrate surface. A Thermolyne Corp. K-type Thermocouple
(PM20700, Series 405) was used to measure and maintain the temperature of Ti metal
substrate placed on a Fisher Scientific hotplate.

2.4 Synthesis of CM-n-TiO2 Films by the Combination of Spray
Pyrolysis and Thermal Flame Oxidation
Ti metal sheets from Alfa (0.25 mm thick, 99.5% pure) were cut to an area of ~
1.0 cm2. Ti metal samples were cleaned in a sonicator for three fifteen-minute intervals
with: (i) acetone; (ii) acetone: double de-ionized water (1:1); and then with (iii) double
de-ionized water, then drying in air. Carbon modified n-type titanium oxide (CM-nTiO2) photoelectrodes were synthesized by spray pyrolytic deposition for 20 sec (as
described in section 2.3) on Ti metal sheets (Alfa, 0.25 mm thick) followed by their
thermal flame oxidation for 16 min at 825 °C (as described in section 2.1)

2.5 Synthesis of Reference n-TiO2, n-Fe2O3, and n-WO3 Films in Electric
Oven
Titanium (0.127 mm thick, 99.6 % from Strem Co., 0.2 mm thick, 99.6 % from
Strem Co., and 0.25 mm thick, 99.5 % from Alfa Co.), iron (0.25 mm thick, 99.99% form
Alfa Aesar Co.) and tungsten (0.25 mm thick, 99.95 % from Alfa Aesar Co.) metal sheets
were cut to an area of ~ 1.0 cm2. Ti, Fe and W metal samples were cleaned in a sonicator
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for three fifteen-minute intervals with: (i) acetone; (ii) acetone: double de-ionized water
(1:1); and then with (iii) double de-ionized water. After drying in air, these metal sheets
were oxidized by using an electric oven (Multiple Unit, Series C4497 WEO). A digital
thermocouple (Thermolyne Corp K-type Thermocouple (PM-20700)) was used to
measure and maintain the temperature of the oven. The oxide layer on the backside of
oven-made-n-WO3 films was removed using a file. The backside and part of the front side
were then covered with a nonconductive epoxy adhesive. This area was used to make
electric contact using a copper clip. The back side and part of the front side were then
covered with a non-conducting epoxy adhesive. The uncovered area of the
photoelectrode which was exposed to incident light was calculated using an Image J
computer program.

2.6 Measurements of Photocurrent Density
The measurements of photocurrent were performed in a three-electrode
photoelectrochemical cell using CM-n-TiO2, CM-n-Fe2O3, or CM-p-WO3 as the working
electrode; platinum as a counter electrode and saturated calomel electrode (SCE) as a
reference electrode. An electrolyte solution of 5 M KOH was used for CM-n-TiO2/Pt and
CM-n-Fe2O3/Pt cells. 0.5 M H2SO4 was used as an electrolyte solution for CM-p-WO3/Pt
cells. The surface of photoelectrodes was illuminated with light intensity of 100 mWcm-2
from a 150 Watt xenon arc lamp (Kratos Model LH 150/1), and 100 mWcm-2 (1 sun)
from an Oriel solar simulator (model 91192) with an AM 1.5 filter. The spectral
irradiance of both xenon lamp and solar simulator was measured by using a silicon
detector (UDT Sensors. Inc., Model 10DP/SB). The photocurrent, jp, as a function of
measured potential, Emeas, versus Saturated calomel electrode (SCE) was measured using
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an EG & G Princeton Applied Research model 362 scanning potentiostat and was plotted
using an EG & G Princeton Applied Research (Houston Model RE 0092) X-Y recorder.
A Keithley multimeter was used to measure electrode potential at open circuit conditions
prior to scanning each sample. The photocurrents under monochromatic light
illumination, jp (λ), as a function of wavelength, λ, were measured using 362 EC&G
scanning potentiostat, a Spectra Physics monochrometer, model 77250 and a Keithley
multimeter.
The self-driven photoelectrochemical cell involved the CM-p-WO3 or p-GaInP2 as
the working electrode (photocathode) for hydrogen evolution and CM-n-TiO2 as the
counter electrode (photoanode) for oxygen evolution in a two-electrode configuration.
Both photoelectrodes were illuminated simultaneously by light intensity of 100 mWcm-2
(1 sun) from an Oriel solar simulator (model 91192) with an AM 1.5 filter. 3.0 M H2SO4
was as an electrolyte solution.

2.7 UV-Vis Spectroscopic Measurements
UV-Vis absorption spectra of CM-n-TiO2, CM-n-Fe2O3, and CM-p-WO3 were
recorded using a Varian Cary 1E UV-Visible Spectrophotometer with a Varian GRID
36is-25 microprocessor and a Dell Optiplex PC. Labsphere (Model DRA-Ca-30I) with a
reflectance standard (I.D.USRS-99-010) was used. The UV-Vis absorption spectra were
measured in a wavelength range between 190 and 800 nm by means of double reverse
reflectance.

2.8 XRD Measurements
X-ray diffraction (XRD) data were collected using PANalytical Xpert-Pro MPD
X-ray diffractrometer. The scans having angles from 18° to 70° (2θ) were carried out
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using a Copper Kα radiation (λ = 1.544 Å) operating at 40 mA and 45 kV. Samples were
run with a continuous scan at a rate of 0.100 degrees per minute with a recording period
of 0.017 degrees.

2.9 Scanning Electron Microscopy (SEM)
Scanning electron micrograms (SEM) were taken using a Cam Scan series 4
microscope operating at 50 kV with a tungsten filament on specimens upon which
conductive carbon tape was used to make a contact with the conductive titanium surface
with the aluminum sample deck.

2.10 Energy Dispersive Spectroscopy (EDS)
An electron microprobe attached to the scanning electron micrograms (SEM) unit
(Model Cam Scan series 4) used in energy dispersive spectroscopy (EDS) mode was
employed to obtain quantitative information of the amounts of carbon in CM- n-TiO2,
CM-n-Fe2O3, and CM-p-WO3. Furthermore, this EDS system did not use carbon grid as
a sample holder. The samples were placed directly on an aluminum sample deck. X-ray
detector with an ultra thin window was used to facilitate the detection of light element
like carbon. The EDS was performed using a Princeton Gamma Tech. Inc. Integrated
Microanalyzer software package.
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Chapter 3
Results and Discussion
3.1 Photoresponse of Visible Light Active Carbon Modified (CM)-nTiO2 Thin Film Electrodes
The photoresponse of carbon modified n-type titanium oxide (CM-n-TiO2) was
optimized with respect to several parameters, including Ti metal sheet thickness, flame
temperature, oxidation time, Ti metal surface grooving, and combination of spray
pyrolysis and thermal flame oxidation method. Ti metal sheets of 0.127, 0.2, and 0.25
mm thick were thermally oxidized by using custom designed large flame. The
temperature of the flame was varied from 800 to 900°C. The oxidation time was varied
from 5 to 30 minutes. Ti metal sheets of grooved surface with groove depths of 0.001,
0.003 and 0.005 inch were thermally oxidized to increase the surface area of CM-n-TiO2
photoelectrodes. The spray pyrolysis method was used in conjunction with thermal flame
oxidation method to increase the thickness of the visible light active film of CM-n-TiO2.
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3.1.1 Thermal Flame Oxidation of 0.127 mm thick Ti Metal Sheets ∗
i) Photocurrent Density
The photocurrent densities (jp, mA cm-2) as a function of flame oxidation time
(min) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Aldrich, 0.127 mm
thick) at different flame temperatures are shown in Figure 3.1. The samples prepared by
thermal flame oxidation of Ti metal at flame temperature of 845 °C for 10 minutes,
generated the highest photoresponse with a maximum photocurrent density of 7.41 mA
cm-2 at measured potential of -0.7V/SCE.
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Figure 3.1 Photocurrent density (jp, mA cm-2) as a function of flame oxidation time (min) at light
intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Aldrich, 0.127
mm thick) at different flame temperatures. The electrode potential at the open circuit
condition was found to vary from -0.850 to -1.050 V/SCE. 5.0 M KOH was used as
the electrolyte solution.
∗

Shaban, Y. A.; Khan, S. U. M. ECS Trans. 2004, 4, 161-171.
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These results show an upward trend for the samples prepared using flame
temperature up to 845 °C and then a sharp decline in photocurrent was observed for the
sample prepared using flame temperatures of 855 °C and 865 °C. The samples
synthesized at lower flame temperatures below 845 °C needed longer oxidation time to
show higher photoresponse. This behavior can be attributed to the fact that at low flame
temperatures and shorter oxidation times, the film is not thick enough to absorb enough
light. However, at higher flame temperatures of 855 °C and 865 °C the quality of the
sample declined due to overheating and also due to loss of some carbon in the sample and
as a result, the photocurrent density decreases.
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Figure 3.2 Photocurrent density (jp, mA cm-2) as a function of measured potential, Emeas (Volts vs
SCE) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Aldrich, 0.127
mm thick) at different flame temperatures for 10 min. 5.0 M KOH was used as an
electrolyte solution. The electrode potential at the open circuit condition (Eaoc) was
found to vary from -0.850 to -1.050 V/SCE.
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Figure 3.2 shows the dependence of photocurrent density (jp, mA cm-2) on the
measured potential, Emeas (V vs SCE) for CM-n-TiO2 photoelectrodes synthesized by
thermal flame oxidation of Ti metal (0.127 mm thick) at different flame temperatures.
All samples were synthesized at the optimal oxidation time of 10 minutes. The highest
photocurrent density of 7.41 mA cm-2 at - 0.7 V/SCE under light intensity of 100 mW
cm-2 from a 150 W Xe arc lamp was observed at the CM-n-TiO2 photoelectrode
synthesized at the optimum conditions of 845 °C for 10 min. The photocurrent densities
of CM-n-TiO2 increased significantly by increasing the flame temperature from 815 °C
up to 845 °C and then started to decrease for the samples prepared at flame temperatures
above 845 °C. This behavior is due to overheating and loss of some carbon at higher
temperatures.
ii) Photoconversion Efficiency
The calculation of total percent photoconversion efficiency (% εphoto (total)) of
light energy under white light illumination to chemical energy in the presence of an
external applied potential (Eapp) was carried out using the equation given earlier 95, 133 as,
o
% εphoto (total) = [jp ( Erev
– |Eapp|)/ Po] ×100

(1)

where jp is the photocurrent density (mA cm-2), Po is the power density of incident light
(mW cm-2), Eorev is the standard reversible potential (which is 1.23 V for water splitting
reaction), ⎢Eapp ⎢ is the absolute value of the applied potential which is obtained as, 95
Eapp = (Emeas - Eaoc)

(2)

where Emeas (vs. SCE) is the potential at which the photocurrent density was measured,
Eaoc (vs. SCE) is the electrode potential at open circuit condition in the same electrolyte
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solution under the same illumination intensity at which the photocurrent density was
measured.
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Figure 3.3 Photoconversion efficiency (% εphoto (total)) as a function of flame oxidation time (min)
at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Aldrich, 0.127
mm thick) at different flame temperatures. The electrode potential at the open circuit
condition (Eaoc) was found to vary from -0.850 to -1.050 V/SCE. 5.0 M KOH was
used as an electrolyte solution.

The maximum photoconversion efficiency (% εphoto (total)) as a function of flame
oxidation time (min) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp for
CM-n-TiO2 photoelectrodes synthesized by thermal flame oxidation of Ti metal (0.127
mm thick) at different flame temperatures is shown in Figure 3.3. The results indicate a
maximum total photoconversion efficiency of 5.8 % for CM-n-TiO2 photoelectrode
synthesized by thermal flame oxidation of Ti metal at the optimum conditions of 845 °C
for 10 minutes.
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Figure 3.4 shows the dependence of photoconversion efficiency (% εphoto(total))
as a function of applied potential Eapp (V vs. Eaoc) for CM-n-TiO2 photoelectrodes
synthesized by thermal flame oxidation of Ti metal (0.127 mm thick). These samples
were made at optimal oxidation time of 10 minutes. The highest photoconversion
efficiency of 5.8 % at +0.36 V vs Eaoc at a light intensity of 100 mW/cm2 was observed at
the CM-n-TiO2 photoelectrodes synthesized at flame temperature of 845°C. The results
show an upward trend for the samples prepared at flame temperatures up to 845°C, and
then a sharp decline in photoconversion efficiency for the sample prepared at higher

Photoconversion Efficiency
(%εphoto(total))

flame temperatures.
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Figure 3.4 Photoconversion efficiency (% εphoto (total)) as a function of applied potential Eapp (V
vs. Eaoc) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Aldrich, 0.127
mm thick) at different flame temperatures for 10 min. 5.0 M KOH was used as an
electrolyte solution.
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3.1.2 Thermal Flame Oxidation of 0.2 mm thick Ti Metal Sheets∗
i) Photocurrent Density
In Figure 3.5, the dependence of the photocurrent density on the flame oxidation
time is shown for CM-n-TiO2 photoelectrodes synthesized by thermal flame oxidation of
Ti metal (0.2 mm thick) at different flame temperatures. The sample prepared by thermal
flame oxidation at the optimum conditions of 825°C for 15 min showed the highest
photocurrent density of 6.4 mAcm-2. It is clearly observed that the optimum oxidation
time varies for CM-n-TiO2 photoelectrodes synthesized at different temperatures.
However, at higher flame temperatures above 825 °C, the samples became brittle and the
quality of the samples degraded due to overheating and also due to loss of some carbon in
the sample.
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Figure 3.5 Photocurrent density, jp, as a function of flame oxidation time (min) at light intensity of
100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2 photoelectrodes
synthesized by thermal flame oxidation of Ti metal (Strem, 0.2 mm thick) at different
flame temperatures. The electrode potential at the open circuit condition (Eaoc) was
found to vary from -0.850 to -1.050 V/SCE. 5.0 M KOH was used as an electrolyte
solution.
∗

Shaban, Y. A.; Khan, S. U. M. Int. J. hydrogen Energy. 2008, 33, 1118-1126.
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The samples prepared at low temperature of 825 °C for longer time of 20 min
showed the lowest photoresponse. This indicates that longer exposure to heat at a lower
temperature can remove more carbon from CM-n-TiO2 samples and degrade their
performance.
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Figure 3.6 Photocurrent density, jp, as a function of measured potential, Emeas (Volts vs SCE) at
light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Strem, 0.2 mm
thick) at different flame temperatures for 15 min. 5.0 M KOH was used as an
electrolyte solution.

Figure 3.6 shows the dependence of photocurrent density, jp (mA cm-2) on
measured potential, Emeas (V vs SCE) at light intensity of 100 mW cm-2 from a 150 Watt
xenon lamp, for CM-n-TiO2 photoelectrodes synthesized by thermal flame oxidation of
Ti metal (0.2 mm thick) at different flame temperatures. All samples were made at the
optimum oxidation time of 15 min. It was observed that the sample synthesized at flame
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temperature of 825 °C generated the highest photoresponse for water splitting reaction.
At a low temperature of 815 °C, the CM-n-TiO2 photoelectrode is of low quality due to
partial oxidation of the Ti metal, consequently low photocurrent was observed.
ii) Photoconversion Efficiency
Figure 3.7 shows the maximum photoconversion efficiency as a function of flame
oxidation time for samples synthesized at various temperatures from 425 to 475°C. A
similar trend as that for photocurrent is seen with obvious maximum photoconversion
efficiency for CM-n-TiO2 photoelectrodes synthesized at 425°C for 15 min.
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Figure 3.7 Photoconversion efficiency (% εphoto(total)) as a function of flame oxidation time (min)
at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Strem, 0.2 mm
thick) at different flame temperatures. 5.0 M KOH was used as an electrolyte
solution.

The maximum photoconversion efficiency for CM-n-TiO2 photoelectrodes
synthesized by thermal flame oxidation of Ti metal (0.2 mm thick) at different flame
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temperatures as a function of applied potential is shown in Figure 3.8. All of these
samples were prepared at the optimum oxidation time of 15 min. The most efficient
samples were found to be those that were synthesized at flame temperature of 425°C. A
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maximum photoconversion efficiency of 6.3 % was observed at +0.24 V vs Eaoc.
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Figure 3.8 Photoconversion efficiency, % εphoto (total), as a function of applied potential Eapp (V
vs. Eaoc) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Strem, 0.2 mm
thick) at different flame temperatures for 15 min. The electrode potential at the open
circuit condition (Eaoc) was found to vary from -0.850 to -1.050 V/SCE. 5.0 M KOH
was used as an electrolyte solution.

31

3.1.3 Thermal Flame Oxidation of 0.25 mm thick Ti Metal Sheets
i) Photocurrent Density
Maximum photocurrent densities (jp, mA cm-2) versus oxidation time (min) for
CM-n-TiO2 photoelectrodes synthesized by thermal flame oxidation of Ti metal (0.25
mm thick) are shown in Figure 3.9. All of these samples were prepared at flame
temperature of 825 °C. Maximum photocurrent density of 9.17 mA cm-2 was generated
at 16 minutes. The quality of the samples started to decline by increasing the oxidation
time due to increase of the oxide film thickness that generates recombination centers,
consequently lower photocurrents were observed at oxidation times of 18 and 20 minutes
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Figure 3.9 Photocurrent density (jp, mA cm-2) as a function of flame oxidation time (min) at light
intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Alfa, 0.25 mm
thick) at flame temperature of 825 °C. The electrode potential at the open circuit
condition (Eaoc) was found to vary from -0.900 to -1.000 V/SCE. 5.0 M KOH was
used as an electrolyte solution.

32

P h o t o c u r r e n t d e n s it y , jP
( m A/c m 2 )

12.0
10.0
8.0
-2

9.17 mAcm

6.0
4.0
2.0
0.0
-1.1

-0.9

-0.7

-0.5

-0.3

-0.1

0.1

0.3

Emeas (V vs. SCE)
Figure 3.10 Photocurrent density (jp, mA cm-2) as a function of measured potential, Emeas (V vs
SCE) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Alfa, 0.25 mm
thick) at flame temperature of 825 °C for 16 min. The electrode potential at the open
circuit condition (Eaoc) was found to be -0.939 V/SCE. 5.0 M KOH was used as an
electrolyte solution.

Figure 3.10 shows the photocurrent density (jp, mA cm-2) as a function of
measured potential, Emeas (V vs SCE), for the optimized CM-n-TiO2 photoelectrodes
synthesized by thermal flame oxidation of Ti metal (0.25 mm thick) at the flame
temperature of 825 °C and oxidation time of 16 min. At measured potential of – 0.76
V/SCE (which is equal to applied potential of 0.24 V), under light intensity of 100 mW
cm-2 from a 150 Watt xenon lamp, photocurrent density of 9.18 mA cm-2 was generated.
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ii) Photoconversion Efficiency
Figure 3.11 shows the maximum total photoconversion efficiencies (% εphoto
(total)) for CM-n-TiO2 photoelectrodes synthesized by thermal flame oxidation of Ti
metal (0.25 mm thick) at various oxidation times. All samples were prepared at the same
flame temperature of 825°C. The most efficient sample (9.08 %) was the one synthesized
at optimum oxidation time of 16 minutes. At shorter oxidation time, Ti metal was not
completely oxidized and the thickness the visible light active CM-n-TiO2 film was not
enough to absorb light. However, at oxidation time of more than 16 min, the quality of
the samples started to decline and low conversion efficiencies were obtained.
9.08 %
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Figure 3.11 Photoconversion efficiency (% εphoto (total)) as a function of flame oxidation time
(min) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-TiO2
photoelectrodes synthesized by thermal flame oxidation of Ti metal (Alfa, 0.25 mm
thick) at flame temperature of 825 °C. 5.0 M KOH was used as an electrolyte
solution.
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Figure 3.12 Photoconversion efficiency (% εphoto (total)) as a function of applied potential Eapp (V
vs. Eaoc) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-nTiO2 photoelectrodes synthesized by thermal flame oxidation of Ti metal (Alfa, 0.25
mm thick) at flame temperature of 825 °C. The electrode potential at the open circuit
condition (Eaoc) was found to be -0.939 V/SCE. 5.0 M KOH was used as an
electrolyte solution.

The photoconversion efficiency (% εphoto (total) as a function of applied potential,
Eapp (V vs. Eaoc) for CM-n-TiO2 photoelectrode synthesized by thermal flame oxidation of
Ti metal (0.25 mm thick) at the optimum conditions of flame temperature of 825 °C and
oxidation time of 16 min is shown in Figure 3.12. A maximum photoconversion
efficiency of 9.08 % was obtained at a minimal applied potential of 0.24 V vs. Eaoc for the
optimized CM-n-TiO2 photoelectrode. The electrode potential at the open circuit
condition (Eaoc) was found to be -0.939 V/SCE.
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3.2 Photoresponse of Surface Grooved Visible Light Active Carbon
Modified (CM)-n-TiO2 Thin Film Electrodes∗
i) Photocurrent Density
Figure 3.13 shows the dependence of photocurrent density (jp) at grooved CM-nTiO2 films having different groove depths (0.001 inch, 0.003 inch and 0.005 inch) on
measured electrode potentials (Emeas). It was observed that the grooved CM-n-TiO2 films
synthesized by thermal flame oxidation of Ti metal having groove depth of 0.005 inch
generated the highest photoresponse for water splitting reaction. These samples having
different groove depths were synthesized at flame temperature of 820 °C for 18 minutes.
These results clearly indicate that with the increase of groove depth, the effective surface
area and the multiple absorption and reflection of light enhances. Consequently, the
highest photocurrent density was observed for the deepest grooved (0.005 inch) sample.

Figure 3.14 also shows the dependence of photocurrent density (jp) for water
splitting on measured electrode potentials (Emeas, V/SCE) at light intensity of 100 mW
cm-2, for both grooved CM-n-TiO2 films synthesized at the optimum conditions of 820˚C
for 18 min by thermal flame oxidation of grooved Ti metal with depth of 0.005 inch and
non-grooved CM-n-TiO2 synthesized at the optimum conditions of 825˚C for 16 min by
thermal flame oxidation of Ti metal. At the same measured potential of – 0.76 V/SCE
(which is equal to optimum applied potential of 0.242 V for grooved and 0.24 V for nongrooved CM-n-TiO2 films) the photocurrent densities of 11.45 mA cm-2 and 9.17 mAcm-2
were observed for grooved and non-grooved CM-n-TiO2 films, respectively.

∗

Shaban, Y. A.; Khan, S. U. M. Chemical Physics 2007, 339, 73-85.
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Figure 3.13 Photocurrent density, jp, as a function of measured potential, Emeas (Volts vs SCE) at
light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for grooved CM-n-TiO2
electrodes synthesized at of 820˚C for 18 min by thermal flame oxidation of Ti metal
of grooved surface with groove depths of 0.001, 0.003 and 0.005 inch. 5.0 M KOH
was used as an electrolyte solution.
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Figure 3.14 Dependence of photocurrent density, jp, on measured electrode potentials (Emeas,
V/SCE) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for grooved
CM-n-TiO2 electrodes synthesized at the optimum conditions of 820˚C for 18 min by
thermal flame oxidation of Ti metal of grooved surface with groove depth of 0.005
inch and non-grooved CM-n-TiO2 synthesized at the optimum conditions of 825˚C
for 16 min by thermal flame oxidation of Ti metal, 5.0 M KOH was used as the
electrolyte. The open circuit potential under the same illumination condition for
grooved and non-grooved samples was found to be -0.942 V / SCE and – 0.940 V
/SCE, respectively.
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ii) Photoconversion Efficiency
Figure 3.15 shows the dependence of maximum photoconversion efficiency on the
groove depth of the CM-n-TiO2 films synthesized using their respective optimum flame
temperature and the flame oxidation time. The samples of groove depth of 0.001 inch
and 0.003 inch show maximum photoconversion efficiencies less than those of nongroove flat surface samples. This indicates that the flame oxidation temperature and time
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Figure 3.15 Photoconversion efficiency, % εphoto(total), as a function of applied potential Eapp (V
vs. Eaoc) at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for grooved
CM-n-TiO2 electrodes synthesized at the optimum conditions of 820˚C for 18 min by
thermal flame oxidation of Ti metal of grooved surface with groove depths of 0.001,
0.003 and 0.005 inch, respectively. 5.0 M KOH was used as the electrolyte.

Figure 3.16 shows the photoconversion efficiency (% εphoto(total)) as a function
of applied potential, Eapp (V vs. Eaoc) for both grooved and non-grooved CM-n-TiO2
films. A maximum photoconversion efficiency of 9.08 % was observed at a minimal
applied potential of 0.24 V vs. Eaoc for the optimized non-groove sample. However, due
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to enhancement of effective surface area the maximum photoconversion efficiency of
11.31 % was observed at grooved sample at a minimal applied potential of 0.242 V vs
Eaoc under the illumination intensity of 100 mW cm-2 from a 150 watt xenon arc lamp.
The electrode potentials at open circuit condition under illumination, Eaoc were found to
be -0.942V/SCE and - 0.940 V/SCE for grooved and non-grooved CM-n-TiO2 electrodes
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Figure 3.16 Dependence of Photoconversion efficiency, % εphoto, on applied potential Eapp (V vs.
Eaoc), at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for grooved
CM-n-TiO2 electrodes synthesized at the optimum conditions of 820˚C for 18 min by
thermal flame oxidation of Ti metal of grooved surface with groove depth of 0.005
inch and non-grooved CM-n-TiO2 synthesized at the optimum conditions of 825˚C
for 16 min by thermal flame oxidation of Ti metal, 5.0 M KOH was used as the
electrolyte. The open circuit potential under the same illumination condition for
grooved and non-grooved samples was found to be -0.942 V / SCE and - 0.940 V
/SCE, respectively.
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3.3 Effect of the Combination of Spray Pyrolysis and Flame Oxidation
Synthesis of Visible Light Carbon Modified (CM)-n-TiO2 Thin Film
Electrode∗
i) Photocurrent Density
Figure 3.17 shows the photocurrent density, jp, as a function of measured
potential, Emeas (Volts vs SCE) under light intensity of 100 mW cm-2 from a 150 Watt
xenon lamp for both CM-n-TiO2 synthesized by only thermal flame oxidation of Ti at
825°C for 16 min (sample 1) and CM-n-TiO2 synthesized by spray pyrolysis of 0.175 M
TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at carrier gas pressure of 20
psi and followed by thermal flame oxidation at 825°C for 16 min (sample 2).
It was observed that carbon modified titanium oxide CM-n-TiO2 photoelectrodes
synthesized by combination of spray pyrolysis and thermal oxidation generated higher
photoresponse compared to that synthesized by only thermal flame oxidation method. At
measured electrode potential of -0.7 V vs SCE and under illumination of light intensity of
100 mWcm-2, the photocurrent density was enhanced drastically from 9.17 mA cm-2 to
13.83 mA cm-2. These results clearly indicate that the spray pyrolysis process effectively
enhances the absorption of light by increasing the thickness of titanium oxide film.
Consequently, higher photocurrent density was observed due to absorption of more light
in these thicker films.

∗

Shaban, Y. A.; Khan, S. U. M. ECS Trans. 2007, 11, 129.
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Figure 3.17 Photocurrent density, jp, as a function of measured potential, Emeas (V/SCE) at
light intensity of 100 mW cm-2 from a 150 Watt xenon lamp for CM-n-TiO2
synthesized by only thermal flame oxidation of Ti at 825°C for 16 min
(sample 1); CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in
ethanol at substrate temperature of 460 oC for 20 sec at carrier gas (oxygen)
pressure of 20 psi followed by thermal flame oxidation at 825°C for 16 min
(sample 2).

ii) Photoconversion Efficiency
Figure 3.18 shows the photoconversion efficiency (% εphoto(total)) as a function
of applied potential, Eapp (V vs. Eaoc) for both CM-n-TiO2 samples 1 and 2. A maximum
photoconversion efficiency of 9.08 % was observed at a minimal applied potential of
0.240 V vs. Eaoc for CM-n-TiO2 samples 1 synthesized by thermal flame oxidation only.
However, due to enhancement of thickness of the CM-n-TiO2 thin film, maximum
photoconversion efficiency of 14.04 % was observed for CM-n-TiO2 sample 2
synthesized by the combination of spray pyrolysis and thermal flame oxidation at a
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minimal applied potential of 0.215 V vs Eaoc under the illumination intensity of 100 mW
cm-2 from a 150 watt xenon arc lamp. The electrode potentials at open circuit condition
under illumination, Eaoc were found to be - 0.940 V/SCE and -0.915 V/SCE for CM-n-
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TiO2 sample 1 and sample 2, respectively.
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Figure 3.18 Dependence of photoconversion efficiency, % εphoto(total), on applied potential Eapp
(V vs. Eaoc), at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CMn-TiO2 synthesized by only thermal flame oxidation of Ti at 825°C for 16 min
(sample 1); CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20
psi followed by thermal flame oxidation at 825°C for 16 min (sample 2). The
electrode potentials at open circuit condition under illumination, Eaoc were found to
be - 0.940 V/SCE and -0.915 V/SCE for CM-n-TiO2 sample 1 and sample 2,
respectively.
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3.4 Overall Improvements in the Photoresponse of Visible Light Active
Carbon Modified (CM)-n-TiO2 Thin Film Electrodes Under White
Light Illumination
Photocurrent density (jp, mA cm-2) as a function of measured potential, Emeas
(V/SCE) for the best performing CM-n-TiO2 photoelectrodes from previous sections (3.1
– 3.3) is shown in Figure 3.19. It is observed that the reference oven-made n-TiO2
(sample 1) exhibited the lowest photoresponse, as demonstrated in a prior work.98 The
observed low photocurrent density af oven-made n-TiO2 can be attributed to the absence
of carbon incorporation during the oven oxidation process of Ti metal. Carbon modified
titanium oxide (CM-n-TiO2) photoelectrodes synthesized by combination of spray
pyrolysis and thermal flame oxidation (sample 4) generated the highest photoresponse
compared to grooved and non-grooved CM-n-TiO2 photoelectrodes (samples 2 and 3)
that synthesized by only thermal flame oxidation method. Photocurrent density,
measured at - 0.7 V/SCE and at an intensity of 100 mW cm-2 under white illumination
from xenon lamp, increased significantly from 9.17 mA cm-2 for CM-n-TiO2 synthesized
by thermal flame oxidation of Ti at 825°C for 16 min (sample 2) to 11.44 mA cm-2 for
grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti (0.005 in groove
depth) at 820°C for 18 min (sample 3). The surface grooving of Ti metal increased the
surface area of the visible light active carbon modified oxide layer, consequently higher
photocurrent was generated. As can be seen, there is a drastic improvement in the
photocurrent with the combination of spray pyrolysis and thermal flame oxidation
(sample 4). This combination increased the thickness of the CM-n-TiO2 without
diminishing the thickness of the substrate Ti metals; as a result, the highest photocurrent
density of 14.68 mA cm-2 was obtained.
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Figure 3.19 Photocurrent density, jp, as a function of measured potential, Emeas (V/SCE), at light

intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for oven-made n-TiO2
synthesized at 825°C for 16 min (sample 1); CM-n-TiO2 synthesized by only thermal
flame oxidation of Ti at 825°C for 16 min (sample 2); grooved CM-n-TiO2 synthesized
by only thermal flame oxidation of Ti (0.005 in groove depth) at 820°C for 18 min
(sample 3); CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi
followed by thermal flame oxidation at 825°C for 16 min (sample 4); electrolyte
solution of 5 M KOH was used. The electrode potentials at open circuit condition
under illumination, Eaoc, were found to be -0.977 V/SCE (sample 1), -0.940 V/SCE
(sample 2), -0.942 V/SCE (sample 3), and -0.915 V/SCE (sample 4).

The corresponding maximum photoconversion efficiencies (Figure 3.20) were
found to 9.08 %, 11.31 %, and 14.04 % CM-n-TiO2 synthesized by thermal flame
oxidation of Ti at 825°C for 16 min (sample 2); grooved CM-n-TiO2 synthesized by
thermal flame oxidation of Ti (0.005 in groove depth) at 820°C for 18 min (sample 3);
and CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at substrate
temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi followed by
thermal flame oxidation at 825°C for 16 min (sample 4), respectively. The corresponding
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Eapp at these maximum efficiencies were +0.240, +0.242, and +0.215 V versus Eaoc for
samples 2, 3, and 4, respectively.
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Figure 3.20 Dependence of photoconversion efficiency, % εphoto(total), on applied potential Eapp
(V vs. Eaoc), at light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for ovenmade n-TiO2 synthesized at 825°C for 16 min (sample 1); CM-n-TiO2 synthesized
by only thermal flame oxidation of Ti at 825°C for 16 min (sample 2); grooved CM-nTiO2 synthesized by only thermal flame oxidation of Ti (0.005 in groove depth) at
820°C for 18 min (sample 3); CM-n-TiO2 synthesized by spray pyrolysis of 0.175M
TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at carrier gas
(oxygen) pressure of 20 psi followed by thermal flame oxidation at 825°C for 16 min
(sample 4); The electrode potentials at open circuit condition under illumination, Eaoc
were found to be -0.977 V/SCE (sample 1), -0.940 V/SCE (sample 2), -0.942 V/SCE
(sample 3), and -0.915 V/SCE (sample 4); electrolyte solution of 5 M KOH was
used.
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3.5 Spectral Distribution of Light for Global AM 1.5 Sunlight (1 sun),
Solar Simulator (Global 1.5 AM) and Xenon lamp Light (100 mW
cm-2)
It is important to compare the spectral distribution of light from xenon lamp, solar
simulator and sunlight. Figure 3.21 compares spectral distribution of these three lights.
The integrated values up to 800 nm are 59.00 mW cm-2 for global actual sunlight AM 1.5
(1 sun = 100 mW cm-2 measured by NREL),153 56.00 mW cm-2 for xenon lamp, and 53.5
mW cm-2 for solar simulator. This clearly indicates that the contribution from remaining
wavelengths from 800 nm to 4100 nm present in global actual sunlight is 41.00 mW cm-2
[= (100 – 59) mW cm-2].
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Figure 3.21 The wavelength dependent intensity of light from a 150 W xenon lamp and an Oriel
solar simulator for total intensity of 100 mW cm-2, measured by using silicon
detector, compared to the wavelength dependent intensity of AM 1.5 global sunlight
in the wavelength range from 300 to 800 nm.

Hence, total xenon lamp (100 mWcm-2) and solar simulator light global AM 1.5
filter (100 mWcm-2) comparable to actual sunlight Global AM 1.5 (100 mWcm-2 = 1 sun)
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are 97 mW cm-2 [= (56 + 41) mW cm-2] and 94.5 mW cm-2 [= (53.5 + 41) mW cm-2],
respectively.
Note that the spectral distribution of the xenon lamp and solar simulator light
begin at 250 nm compared to global AM 1.5 sunlight that begins at 300 nm.
Furthermore, the spectral distribution of both xenon lamp light and solar simulator in the
UV region is higher but in the visible region it is lower in photon power density than that
of sunlight. Hence, one expects comparable photocurrent density and photoconversion
efficiencies for CM-n-TiO2 samples for water splitting under actual global sunlight
illumination of AM 1.5 (1 sun), xenon lamp (100 mWcm-2) and solar simulator light
global AM 1.5 filter (100 mWcm-2).
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3.6 Characterization of Visible Light Active Carbon Modified (CM)-nTiO2 Thin Film Electrodes
3.6.1 Monochromatic Photocurrent-Wavelength Dependence
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Figure 3.22 The monochromatic photocurrent density, jp (λ), as a function of wavelength of light,
λ, for oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1); CM-n-TiO2
synthesized by only thermal flame oxidation of Ti at 825°C for 16 min (sample 2);
grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti (0.005 in
groove depth) at 820°C for 18 min (sample 3); CM-n-TiO2 synthesized by spray
pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at
carrier gas (oxygen) pressure of 20 psi followed by thermal flame oxidation at 825°C
for 16 min (sample 4); electrolyte solution of 5 M KOH was used; under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochromator (Model 77250) with a 0.75 mm slit width, and Silicon detector (UDT
Sensors. Inc., Model 10DP/SB).

The monochromatic photocurrent density, jp (λ), as a function of wavelength of
light, λ, for oven-made n-TiO2 (sample 1); CM-n-TiO2 synthesized by thermal flame
oxidation (sample 2); grooved CM-n-TiO2 synthesized by thermal flame oxidation
(sample 3); CM-n-TiO2 synthesized by combination of spray pyrolysis thermal flame
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oxidation (sample 4) is shown in Figure 3.22. The monochromatic photocurrent density,
jp (λ), was measured (at measured potentials such that applied potential at which
maximum % εphoto(total) at white light was observed Eapp(λ) = 0.477 V vs Eaoc for
sample 1; 0.240 V vs Eaoc for sample 2; 0.242 V vs Eaoc for sample 3, and 0.215 V vs for
sample 4) under monochromatic light illumination from a xenon lamp by using a Spectra
Physics monochromator (Model 77250). Performing integration under the curve, total
photocurrent densities of 1.25 mA cm-2, 8.95 mA cm-2, 11.30 mA cm-2 and 13.58 mA cm2

were observed for samples 1, 2, 3, and 4, respectively. These values are a little lower

(within experimental error) than the corresponding photocurrent density values under
white light illumination, at the same measured potential at which maximum
photoconversion efficiencies were observed.

3.6.2 Photoconversion Efficiency from Monochromatic Photocurrent Density
Alternatively, the percent total photoconversion efficiency (% εphoto(total)) of light
energy to chemical energy can be performed by applying the following equation 95, 154, 155
λg

% ε photo ( total ) =

[

o
∫ j p ( λ ) E rev − E app ( λ )

λ min

] dλ
× 100

∞

(3)

∫ Po ( λ ) dλ

λ min

where jp(λ) is wavelength dependent photocurrent density under monochromatic light
illumination (mA cm-2 nm-1) and Po (λ) is the power density of incident monochromatic
light (mW cm-2 nm-1). Note that the applied potential, Eapp (λ) was found to be
wavelength dependent and can be expressed as,
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Eapp (λ) = Emeas - Eaoc (λ)

(4)

where Eaoc (λ) is the electrode potential in volts at open circuit conditions under
monochromatic light illumination. λmin = 250 nm for light from xenon lamp and 300 nm
for sunlight, and λg = 1239.85/Eg , where Eg is the threshold wavelength corresponding to
band gap of the sample.
Note that wavelength dependent percent photoconversion efficiency, % εphoto(λ) can be
expressed as, 95, 154, 155

% ε

photo

(λ ) =

o
− E app ( λ ) ]
j p ( λ )[ E rev
∞

∫ Po ( λ ) d λ

× 100

(5)

λ min

The plot of % εphoto(λ) versus wavelength, λ, using Eq. (5) is given in Figure 3.23 where
total intensity in the denominator of Eq. (5) was taken as 100 mW cm-2. Integrating in
equation 3 from λmin = 250 nm to λg nm or determining the area under the curve in Fig.
22 obtained using Eq. (5), total photoconversion efficiencies of 0.94 % (sample 1), 8.86
% (sample 2), 11.16 % (sample 3), and 13.79 % (sample 4) were obtained. These values
were are comparable to 1.2 %, 9.08 %, 11.31 % and 14.04% (when calculated using
equation 1 under white light illumination of intensity 100 mW cm-2 from a 150 W xenon
lamp) for samples 1, 2, 3, and 4, respectively.
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Figure 3.23 The photoconversion efficiency, % εphoto(λ), as a function of wavelength of light, λ,
for oven-made n-TiO2 synthesized at 825(C for 16 min (sample 1); CM-n-TiO2

synthesized by only thermal flame oxidation of Ti at 825(C for 16 min
(sample 2); grooved CM-n-TiO2 synthesized by only thermal flame
oxidation of Ti (0.005 in groove depth) at 820(C for 18 min (sample 3); CMn-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of
20 psi followed by thermal flame oxidation at 825(C for 16 min (sample 4);
electrolyte solution of 5 M KOH was used; under monochromatic light
illumination of xenon lamp; using a Spectra Physics monochromator (Model
77250) with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc.,
Model 10DP/SB).
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3.6.3 Dependence of Incident Photon Conversion Efficiency percent (IPCE)
on Wavelength of light, λ
The Incident Photon Conversion Efficiency (IPCE) provides a measure of the
efficiency of conversion of photons incident on the photoelectrochemical cell to
photocurrent flowing between the working and counter electrodes. An IPCE of 1
corresponds to the generation of one photoelectron for each incident photon. Losses
associated with the reflection of incident photons, their imperfect absorption by the
semiconductor, and recombination of charge carriers within the semiconductor before
they reach the electrolyte, all contribute to the IPCE values falling below 100%.155 The
IPCE was measured by interposing a monochromator between the xenon lamp and the
photoelectrochemical cell. The incident photon conversion efficiency as a function of
wavelength IPCE (λ) can be expressed as,
IPCE (λ) = jp (λ ) / [e Io (λ )]
= [1239.85 (V nm) Jp (λ) (mA cm-2 nm-1)]/[λ (nm) Po (λ) (mW cm-2 nm-1)]

(6)

where e is the electronic charge and the incident photon flux and the wavelength
dependent photon flux, Io (λ ) (cm-2 nm-1 s-1) was expressed as,
Io (λ ) = Po (λ ) λ / hc
= [Po (λ ) (mW cm-2 nm-1) λ (nm)]/[1239.85 (V nm) e]

(7)

where h is the Planck’s constant and c is the velocity of light.
Figure 3.24 shows IPCE (λ) for oven-made n-TiO2; flat and grooved CM-n-TiO2
synthesized by thermal flame oxidation and CM-n-TiO2 synthesized by combination of
spray pyrolysis and thermal flame oxidation. It is important to note that all carbon
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modified photoelectrodes (samples 2-4) synthesized by thermal flame oxidation attained
IPCE values greater than one. This behavior can be attributed to the multi electron
excitation by a single photon in high energy UV region due to presence of low mid-gap
band in CM-n-TiO2 (see section 3.2.5).
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Figure 3.24 Incident photon conversion efficiency as a function of wavelength, IPCE(λ), for oven
made n-TiO2 synthesized at 825°C for 16 min (sample 1); CM-n-TiO2 synthesized by
only thermal flame oxidation of Ti at 825°C for 16 min (sample 2); grooved CM-nTiO2 synthesized by only thermal flame oxidation of Ti (0.005 in groove depth) at
820°C for 18 min (sample 3); CM-n-TiO2 synthesized by spray pyrolysis of 0.175M
TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at carrier gas (oxygen)
pressure of 20 psi followed by thermal flame oxidation at 825°C for 16 min (sample
4); electrolyte solution of 5 M KOH was used; under monochromatic light
illumination of xenon lamp; using a Spectra Physics monochromator (Model 77250)
with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc., Model 10DP/SB).
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3.6.4 Band gap Energy Determination
The band gap energy, Eg, can be determined from the frequency light, ν, quantum
efficiency, η (ν), using the following equation: 133-135
η (ν) hυ= A (hυ− Eg)n

(8)

where A is a constant, n equals either 0.5 for allowed direct transition or 2 for allowed
indirect transitions, hν is the photon energy of frequency, ν.
Figure 3.25 shows [η(λ) hυ]1/2 versus hυ plot for oven-made n-TiO2 synthesized
at 825°C for 16 min (sample 1); CM-n-TiO2 synthesized by only thermal flame oxidation
of Ti at 825°C for 16 min (sample 2); grooved CM-n-TiO2 synthesized by only thermal
flame oxidation of Ti (0.005 in groove depth) at 820°C for 18 min (sample 3); CM-nTiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature
of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame
oxidation at 825°C for 16 min (sample 4). From the intercept of the straight line the band
gap was obtained. It shows two indirect band gap energies for all CM-n-TiO2
photoelectrodes. The first band gap energy of 2.65 eV corresponds to lowering of original
band gap and second band gap with values of 1.4 and 1.6 eV can be attributed to mid-gap
band generated by carbon doping (see Fig. 3.26). Theoretical analysis 113-118 and other
experimental findings 119 also showed multiple band gaps in CM-n-TiO2. Oven-made nTiO2 showed only one band gap of 2.9 eV, and as a result, poor photoresponse was
obtained. Note that the first band gap energy values for all CM-n-TiO2 samples were
found equal. The slopes of band gap plots for sample 4 were found to be the highest,
which is in accordance with the highest observed photoresponse generated by this
sample.
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Figure 3.25 The respective plots of [η (hυ)]1/2 vs. hυ to determine the band gap for oven-made nTiO2 synthesized at 825°C for 16 min (sample 1); CM-n-TiO2 synthesized by only

thermal flame oxidation of Ti at 825(C for 16 min (sample 2); grooved CMn-TiO2 synthesized by only thermal flame oxidation of Ti (0.005 in groove
depth) at 820(C for 18 min (sample 3); CM-n-TiO2 synthesized by spray
pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of 460 oC for
20 sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame
oxidation at 825(C for 16 min (sample 4); electrolyte solution of 5 M KOH
was used; under monochromatic light illumination of xenon lamp; using a
Spectra Physics monochromator (Model 77250) with a 0.75 mm slit width,
and Silicon detector (UDT Sensors. Inc., Model 10DP/SB).
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Figure 3.26 A schematic diagram of valence, conduction and mid-gap bands to show the band
gaps in CM-n-TiO2 films synthesized by thermal flame oxidation of Ti metal sheet.
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3.6.5 Photocurrent Density and Photoconversion Efficiency from IPCE (λ)
under Xenon Lamp and Sunlight Illuminations
From the values of the wavelength dependent incident photon conversion
efficiency IPCE (λ) or quantum efficiency η (λ) of the CM-n-TiO2 sample it is possible to
determine the photocurrent density, jpxenon lamp(λ), under xenon lamp illumination using
the following expression,155
jpxenon lamp (λ ) = IPCE (λ ) e I oxenon lamp

(9)

where Ioxenon lamp(λ) is the wavelength dependent photon flux of xenon lamp which can be
obtained using Eqs. (6) and (7) in which Poxenon lamp(λ) was measured by using a
monochromator and a silicon detector.
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Figure 3.27 Wavelength dependent photocurrent density under xenon lamp illumination, jpxenon(λ)
= [IPCE (λ) x e x global sunlight intensity, Ioxenon(λ)], versus wavelength of incident
Xenon lamp, λ, for oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1);
CM-n-TiO2 synthesized by only thermal flame oxidation of Ti at 825°C for 16 min
(sample 2); grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti
(0.005 in groove depth) at 820°C for 18 min (sample 3); CM-n-TiO2 synthesized by
spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20
sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame oxidation at
825°C for 16 min (sample 4); electrolyte solution of 5 M KOH was used.

56

The integrated values of total current density under xenon lamp illumination
(Figure 3.27) were found to be 1.12 mA cm-2 (sample 1), 7.70 mA cm-2 (sample 2), 9.86
mA cm-2, (sample 3) and 12.70 mA cm-2 (sample 4). For each wavelength of light a
constant Eapp(λ) (applied potential at which maximum photoconversion efficiency was
observed under white light illumination) was used during the experiment by adjusting the

Photoconversion Efficiency (% ε photo (λ ))

Emeas values (see Eq. (4)).
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Figure 3.28 Wavelength dependent photoconversion efficiency under xenon lamp illumination, %
xenon
, versus wavelength of incident light, λ, for oven-made n-TiO2 synthesized at
ε solar
825 °C for 16 min (sample 1); CM-n-TiO2 synthesized by only thermal flame
oxidation of Ti at 825 °C for 16 min (sample 2); grooved CM-n-TiO2 synthesized by
only thermal flame oxidation of Ti (0.005 in groove depth) at 820 °C for 18 min
(sample 3); CM-n-TiO2 synthesized by spray pyrolysis of 0.175 M TiCl4 in ethanol at
substrate temperature of 460 °C for 20 sec at carrier gas (oxygen) pressure of 20
psi followed by thermal flame oxidation at 825 °C for 16 min (sample 4); electrolyte
solution of 5 M KOH was used.
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The total photoconversion efficiency using Eq. (9) can be expressed as,
λg
xenon lamp
( total ) =
% ε solar

xenon
∫ jp

lamp

λ min

( λ ) [ E rev − E app ( λ ) ]d λ

∞

∫ Po

o

× 100
xenon lamp

( λ ) dλ

(10)

λ min

where the denominator is taken as 100 mW cm-1 for xenon lamp.
Hence, using Eq. (10) one gets,
-2
-2
xenon lamp
% ε solar
( total ) = [jp(total) mA cm (1.23 V – EappV)/100 mW cm ] x 100

(11)

Using Eqs 10 and 11, the corresponding photoconversion efficiencies under xenon lamp
illumination were obtained. Figure 3.28 shows the calculated photoconversion
xenon
, as a function of wavelength of
efficiency under xenon lamp illumination, % ε solar

incident light, λ, for oven-made n-TiO2 synthesized at 825 °C for 16 min (sample 1);
CM-n-TiO2 synthesized by only thermal flame oxidation of Ti at 825 °C for 16 min
(sample 2); grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti
(0.005 in groove depth) at 820 °C for 18 min (sample 3); CM-n-TiO2 synthesized by
spray pyrolysis followed by thermal flame oxidation at 825 °C for 16 min (sample 4).
Performing the integration under the curve, photoconversion efficiencies of 0.88 %, 7.62
%, 9.71 %, and 12.89% for samples 1, 2, 3, and 4, respectively.
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Similar expression like eq. (9) can be obtained for photocurrent density, jpsunlight
(λ), under sunlight illumination
jsunlight
(λ) = IPCE(λ) e I sunlight
p
o

(12)

where Iosunlight(λ) is the wavelength dependent photon flux of incident global AM 1.5
sunlight which can be obtained using Eqs. (6) and (7) in which photon power density
Posunlight (λ) was used from the tabulated data given in National Renewable Energy
Laboratory (NREL) web site.153
The plots of jpsunlight(λ) [data obtained from Eq. (12)] versus the wavelength of light,
λ, oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1); CM-n-TiO2
synthesized by only thermal flame oxidation of Ti at 825°C for 16 min (sample 2);
grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti (0.005 in groove
depth) at 820°C for 18 min (sample 3); CM-n-TiO2 synthesized by spray pyrolysis of
0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at carrier gas
(oxygen) pressure of 20 psi followed by thermal flame oxidation at 825°C for 16 min
(sample 4) are given in Figure 3.29. The integrated values of total current density under
sunlight illumination were found to be were found to be 0.85 mA cm-2 (sample 1), 5.85
mA cm-2 (sample 2), 7.71 mA cm-2, (sample 3) and 12.27 mA cm-2 (sample 4). For each
wavelength of light a constant Eapp(λ) (applied potential at which maximum
photoconversion efficiency was observed under white light illumination) was used during
the experiment by adjusting the Emeas values (see Eq. (4)).
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Figure 3.29 Wavelength dependent photocurrent density under global sunlight illumination,
jpsunlight(λ) = [IPCE (λ) x e x global sunlight intensity, Iosunlight (λ)], versus wavelength of
incident Xenon lamp, λ, for oven-made n-TiO2 synthesized at 825°C for 16 min
(sample 1); CM-n-TiO2 synthesized by only thermal flame oxidation of Ti at 825°C
for 16 min (sample 2); grooved CM-n-TiO2 synthesized by only thermal flame
oxidation of Ti (0.005 in groove depth) at 820°C for 18 min (sample 3); CM-n-TiO2
synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature
of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi followed by thermal
flame oxidation at 825°C for 16 min (sample 4); electrolyte solution of 5 M KOH was
used.
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Similarly, the total photoconversion efficiency using Eq. (9) can be expressed as,
λg
( total ) =
% ε sunlight
solar

sunlight
o
( λ ) [ E rev − E app (λ ) ]dλ
∫ jp

λ min

∞

∫ Po

× 100
sunlight

( λ ) dλ

(13)

λ min

where the denominator is taken as 100 mW cm-1 for actual global AM 1.5 sunlight (1
sun).
Hence, using Eq. (13) one gets,
-2
-2
% ε sunlight
( total ) = [jp(total) mA cm (1.23 V – EappV)/100 mW cm ] x 100
solar

(14)

Using Eqs 13 and 14, the corresponding photoconversion efficiencies under
sunlight illumination were obtained. Figure 3.30 shows the calculated photoconversion
sunlight
, as a function of wavelength of
efficiency under xenon lamp illumination, % ε solar

incident light, λ, for oven-made n-TiO2 synthesized at 825 °C for 16 min (sample 1);
CM-n-TiO2 synthesized by only thermal flame oxidation of Ti at 825 °C for 16 min
(sample 2); grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti
(0.005 in groove depth) at 820 °C for 18 min (sample 3); CM-n-TiO2 synthesized by
spray pyrolysis followed by thermal flame oxidation at 825 °C for 16 min (sample 4).
Performing the integration under the curve, photoconversion efficiencies of 0.67 %, 5.63
%, 7.62 %, and 12.26 % for samples 1, 2, 3, and 4, respectively.
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Figure 3.30 Wavelength dependent photoconversion efficiency under sunlight illumination, %
sunlight
, versus wavelength of incident light, λ, for oven-made n-TiO2 synthesized at
ε solar
825°C for 16 min (sample 1); CM-n-TiO2 synthesized by only thermal flame
oxidation of Ti at 825°C for 16 min (sample 2); grooved CM-n-TiO2 synthesized by
only thermal flame oxidation of Ti (0.005 in groove depth) at 820°C for 18 min
(sample 3); CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20
psi followed by thermal flame oxidation at 825°C for 16 min (sample 4); electrolyte
solution of 5 M KOH was used.
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3.6.6 UV-Vis Spectra
Figure 3.31 compares the UV-Vis absorbance of different CM-n-TiO2

photoelectrodes having maximum photoconversion efficiencies of 7.4 % (synthesized by
thermal flame oxidation at 825 °C for 20 min), 8.83 % (synthesized by thermal flame
oxidation at 855 °C for 14 min), 8.85 % (synthesized by thermal flame oxidation at 855
°C for 13 min), and 9.02 % (synthesized by thermal flame oxidation at 825 °C for 15

min). It is noticeable that the CM-n-TiO2 samples with increasing photoconversion
efficiencies, from 7.4 % to 9.02 %, showed increasing absorption of light in both UV and
visible regions

9.02 % efficient sample
o
(at 825 C for 15 min)

Absorbance (au)

8.85 % efficient sample
o
(at 855 C for 13 min)
8.83 % efficient sample
o
(at 855 C for 14 min)
7.4 % efficient sample
o
(at 825 C for 20 min)

400

500

600

700

800

Wavelength (nm)
Figure 3.31 UV-Vis spectra of four CM-n-TiO2 samples having different photoconversion
efficiencies. All samples synthesized by thermal flame oxidation of Ti metal.

.
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Figure 3.32 UV-Visible spectra for oven-made n-TiO2 synthesized at 825(C for 16 min (sample
1); CM-n-TiO2 synthesized by only thermal flame oxidation of Ti at 825 °C for 16 min
(sample 2); grooved CM-n-TiO2 synthesized by only thermal flame oxidation of Ti
(0.005 in groove depth) at 820 °C for 18 min (sample 3); CM-n-TiO2 synthesized by
spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of 460 °C for 20
sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame oxidation at
825 °C for 16 min (sample 4).

The UV-Vis absorbance of n-TiO2 and CM-n-TiO2 photoelectrodes is shown in
Figure 3.32. The absorption spectra of CM-n-TiO2 samples demonstrate a wide

absorption in the UV and visible regions with a tail extending to near infra-red region up
to 800 nm which indicates low band gap energy values for these samples. The reference
oven-made n-TiO2 (sample 1) shows absorption only up to 415 nm which corresponds to
band gap energy of 3.0 eV. The low band gaps of CM-n-TiO2 samples may be due to
carbon incorporation during the flame oxidation of Ti metal sheet. The UV-Vis
spectroscopic results show a significant increase in the absorbance of light in the UV as
well as in the visible regions for CM-n-TiO2 films synthesized by combination of spray
64

pyrolysis and flame oxidation (sample 4). Also, these UV-Vis spectra are consistent with
the higher photocurrent densities at CM-n-TiO2 thin film electrodes prepared by the
combination of two methods. Importantly, this observation conforms to the important
hypothesis that the spray pyrolysis increased the thickness of the visible light active CMn-TiO2 films. Consequently, these films absorbed more light.

3.6.7 Scanning Electron Microscopy (SEM)
The surface characterization of n-TiO2 and CM-n-TiO2 films was performed by
employing a scanning electron microscope (SEM) and the images are shown in Figure
3.33. CM-n-TiO2 films (Figure 3.33 b and c) are more porous which can be indicated

by the more dark spots on the micrograph compared to that of regular n-TiO2 (Figure
3.33 a). The surface of CM-n-TiO2 film having photoconversion efficiency of 11.31 %

looks more jagged and rough than that of CM-n-TiO2 having photoconversion efficiency
of 9.08 %. The porous and rough surface provide much higher surface area to absorb
incident light, multiple absorption and reflection to absorb more light and contributed
enhanced reaction rate compared to that at a flat surface (Figure 3.34). Furthermore,
oxygen gas bubbles act as mirrors that can concentrate the incident light on the electrode
surface by multiple reflection and augment the photoresponse for water splitting.
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a

b

c

Figure 3.33 SEM images for (a) regular n-TiO2 (b) CM-n-TiO2 having a photoconversion
efficiency of 9.08 %, (c) CM-n-TiO2 with a conversion efficiency of 11.31 %.

Figure 3.34 Schematic diagram to show the multiple absorption and reflection of light on the
porous and mountainous surface of CM-n-TiO2 synthesized by thermal flame
oxidation.
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3.6.8 X-ray diffraction (XRD)
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Figure 3.35 X-ray diffraction (XRD) patterns for the CM-n-TiO2 photoelectrodes having 7.4% and
9.02 % total photoconversion efficiencies and rutile (R) n-TiO2 which was used as
the reference material.

XRD was carried out to characterize the structure of CM-n-TiO2 photoelectrodes
synthesized by thermal oxidation of Ti metal sheets. Figure 3.35 shows the XRD patterns
of the CM-n-TiO2 electrodes having photoconversion efficiencies of 7.4 %, 9.02% and
also of regular rutile n-TiO2 sample. The peaks of these XRD spectra of CM-n-TiO2 are
consistent with the rutile structure of pure n-TiO2, which has band gap energy of 3.0 eV.
It is important to note that some peaks are missing in both CM-n-TiO2 samples compared
to those in pure n-TiO2 of rutile structure. This indicates the marked influence of carbon
modification on the structure of n-TiO2.
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3.6.9 Energy Dispersive spectroscopy (EDS)
Table 3.36 shows the Pattern of Energy Dispersive Spectroscopy (EDS) of: (a) n-

TiO2 (b) flat CM-n-TiO2 with photoconversion efficiency of 9.08 % (c) grooved CM-nTiO2 with photoconversion efficiency of 11.31 %. The presence of carbon in both CM-nTiO2 photoelectrodes and its absence in pure n-TiO2 were observed. The carbon contents
were 19.38 at.% and 17.60 at.% for grooved and flat CM-n-TiO2 samples, respectively
(Table 3.1). These values are close to each other within the experimental error and hence
conform to the observed equal band gap energies for grooved and flat CM-n-TiO2. It was
shown earlier98 from X-ray photoelectron spectroscopic (XPS) results that carbon atoms
replace some oxygen atoms in the lattice of n-TiO2 to form n-TiO2-xCx. Some theoretical
studies 114-116 also indicated that carbon occupied both lattice and interstitial positions in
the n-TiO2 structure.

Figure 3.36 Pattern of Energy Dispersive Spectroscopy (EDS) of: (a) n-TiO2 (atomic carbon 0.0
%), (b) flat CM-n-TiO2 with photoconversion efficiency of 9.08 % (atomic carbon
17.30 %), (c) grooved CM-n-TiO2 with photoconversion efficiency of 11.31 %
(atomic carbon 19.38 %).

68

TABLE 3.1 Atomic percent of elements, Ti, O and C in regular n-TiO2 and CM-nTiO2 films from EDS data.

Atomic %
Element
Flat n-TiO2

Flat CM-n-TiO2
by flame (9.08%)

Ti

33.33

15.73

O

66.66

66.67

C

0

17.60

Grooved CM-n-TiO2
by flame (11.31%)
13.96
66.67
19.38

3.6.10 Reproducibility of Synthesis of CM-n-TiO2
Reproducibility is one of the critical aspects in thin film fabrication. The
reproducibility of synthesis of the best performing CM-n-TiO2 electrodes synthesized at
the same optimum conditions was tested. Figure 3.37 shows photocurrent density, jp, vs.
measured potential (Emeas, V/SCE) of three CM-n-TiO2 photoelectrodes synthesized by
combination of spray pyrolysis and thermal flame oxidation of Ti metal (0.25 mm thick
Ti) under the same spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of
460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame
oxidation at 825°C for 16 min. At open circuit conditions, all three CM-n-TiO2 samples
were found to have almost the same electrode potential, Eaoc of -0.915 ± 0.02 V vs. SCE
under the same illumination conditions. Photocurrents of these samples were measured
in 5.0 M KOH electrolyte using a light intensity of 100 mW cm-2. The three samples
demonstrate approximately consistent values of photocurrent densities at all measured
potentials. Figure 3.38 shows the corresponding photoconversion efficiency, %
εphoto(total), vs. Eapp (V vs. Eaoc). All four samples showed the same maximum efficiency
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of 14.04 % at minimal applied potential of 0.215 V vs. Eaoc. These results indicate
excellent reproducibility of synthesis of these CM-n-TiO2 photoelectrodes by thermal
flame oxidation method.
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Figure 3.37 Reproducibility test of synthesis of CM-n-TiO2 synthesized by spray pyrolysis of
0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at carrier gas
(oxygen) pressure of 20 psi followed by thermal flame oxidation at 825°C for 16 min.
Photocurrent density, jp, as a function of measured potential (V vs. SCE) at light
intensity of 100 mW cm-2. All three samples of CM-n-TiO2 electrodes were prepared
at the same optimum conditions; The electrode potentials at open circuit condition
under illumination, Eaoc were found to be -0.915 ± 0.02 V/SCE; 5.0 M KOH was used
as the electrolyte.

It is important to note that the key to such high reproducibility and high efficiency of
these CM-n-TiO2 samples is the use of the custom designed large area burner (Knight
Co) facing downward that provided excellent temperature control of the flame.
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Figure 3.38 Reproducibility test of synthesis of CM-n-TiO2 synthesized by spray pyrolysis of
0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20 sec at carrier gas
(oxygen) pressure of 20 psi followed by thermal flame oxidation at 825°C for 16 min.
Photoconversion efficiency, % εphoto(total), as a function of applied potential, Eapp (V
vs. Eaoc), at light intensity of 100 mW cm-2. All three samples of CM-n-TiO2
electrodes were prepared at the same optimum conditions; 5.0 M KOH was used as
the electrolyte. The electrode potentials at open circuit condition under illumination,
Eaoc were found to be -0.915 ± 0.02 V/SCE.
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3.7 Photoresponse of CM-n-TiO2 and n-TiO2 Under Solar Simulator
Illumination
The photoresponse of the best performing CM-n-TiO2 photoelectrodes
synthesized by combination of spray pyrolysis and thermal flame oxidation was tested at
a light intensity of 100 mW cm-2 from an Oriel solar simulator (model 91192) with an
AM 1.5 filter. Reference oven-made n-TiO2 films were tested under the same conditions
for comparison.

3.7.1 Photocurrent Density and Photoconversion Efficiency
Photocurrent density (jp, mA cm-2) as a function of measured potential, Emeas
(V/SCE) for CM-n-TiO2 and n-TiO2 photoelectrodes is shown in Figure 3.39. It is
observed that CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec followed by thermal flame oxidation at 825°C
for 16 min showed higher photoresponse. At the same measured potential of – 0.7
V/SCE (which is equal to an applied potential of 0.254 V for CM-n-TiO2 and 0.289 V for
n-TiO2 films) the photocurrent density increased from 0.533 mA cm-2 for n-TiO2 to 7.92.
mA cm-2 for CM-n-TiO2 films. This enhancement in the photocurrent density can be
attributed to carbon modification during the thermal flame oxidation process of Ti metal.
The corresponding maximum photoconversion efficiency (% εphoto (total)) as a
function of flame oxidation time (min) at light intensity of 100 mW cm-2 from an Oriel
solar simulator with an AM 1.5 filter for CM-n-TiO2 and n-TiO2 photoelectrodes is
shown in Figure 3.40. The results indicate maximum total photoconversion efficiencies
of 0.68 % for oven-made n-TiO2 synthesized at 825°C for 16 min and 7.73 % for CM-n-
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TiO2 photoelectrode synthesized by combination of spray pyrolysis and thermal flame
oxidation of Ti metal at flame temperature of 825 °C for 16 minutes. The corresponding
Eapp at these maximum efficiencies were +0.254 and +0.589 V versus Eaoc for n-TiO2 and
CM-n-TiO2, respectively
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Figure 3.39 Photocurrent density, jp, as a function of measured potential, Emeas (V/SCE), at light
intensity of 100 mW cm-2 from an Oriel solar simulator (Model 91192) with an AM 1.5
filter, for oven-made n-TiO2 synthesized at 825°C for 16 min and CM-n-TiO2
synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature
of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi followed by thermal
flame oxidation at 825°C for 16 min; electrolyte solution of 5 M KOH was used.
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Figure 3.40 Dependence of photoconversion efficiency, % εphoto(total), on applied potential Eapp
(V vs. Eaoc), at light intensity of 100 mW cm-2 from an Oriel solar simulator (Model
91192) with an AM 1.5 filter, for oven-made n-TiO2 synthesized at 825°C for 16 min
and CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20
psi followed by thermal flame oxidation at 825°C for 16 min; electrolyte solution of 5
M KOH was used.
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3.7.2 Dependence of Incident Photon Conversion Efficiency percent (IPCE)
on Wavelength of light, λ
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Figure 3.41 Incident photon conversion efficiency as a function of wavelength, IPCE(λ), at light
intensity of 100 mW cm-2 from an Oriel solar simulator (model 91192) with an AM 1.5
filter, for oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1) and CM-nTiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at substrate
temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi

followed by thermal flame oxidation at 825(C for 16 min (sample 2);
electrolyte solution of 5 M KOH was used.

Figure 3.41 shows IPCE (λ) for oven-made n-TiO2 (sample 1) and CM-n-TiO2

synthesized by combination of spray pyrolysis and thermal flame oxidation (sample 2).
The incident photon conversion efficiency as a function of wavelength IPCE (λ) was
calculated using Eq. (7). It is clearly observed that carbon modified photoelectrode
synthesized showed higher IPCE values under monochromatic light illumination from
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solar simulator, which is in agreement with the observed higher IPCE values under xenon
lamp illumination. This behavior can be attributed to the contribution of many factors
such as: multiple absorption–reflection of light, effect of the multi electron excitation by
a single photon in high energy UV region due to presence of low mid-gap band in CM-nTiO2, and internal photon concentration by oxygen gas bubbles acting as mirrors that can
concentrate the incident light on the electrode surface by multiple reflection.

3.7.3 Monochromatic Photocurrent-Wavelength Dependence
The monochromatic photocurrent density, jp (λ), as a function of wavelength of
light, λ, for oven-made n-TiO2 (sample 1) and CM-n-TiO2 synthesized by combination of
spray pyrolysis thermal flame oxidation (sample 2) is shown in Figure 3.42. The
monochromatic photocurrent density, jp (λ), was measured (at measured potentials such
that applied potential for each wavelength becomes 0.477 V vs Eaoc for sample 1 and
0.215 V vs for sample 2 under monochromatic light illumination from an Oriel solar
simulator with an AM 1.5 filter (model 91192); using a Spectra Physics monochromator
(Model 77250) with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc.,
Model 10DP/SB). Performing integration under the curve, total photocurrent densities of
0.34 mA cm-2 and 7.8 mA cm-2 were observed at samples 1 and 2, respectively. These
values are little lower (within experimental error) than the corresponding photocurrent
density values under white light illumination, at the same measured potential at which
maximum photoconversion efficiencies were observed.
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Figure 3.42 The monochromatic photocurrent density, jp (λ), as a function of wavelength of light,
λ, for for oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1); and CM-nTiO2 synthesized by spray pyrolysis of 0.175 M TiCl4 in ethanol at substrate
temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi
followed by thermal flame oxidation at 825°C for 16 min (sample 2); electrolyte
solution of 5 M KOH was used; under monochromatic light illumination from an
Oriel solar simulator with an AM 1.5 filter (model 91192); using a Spectra Physics
monochromator (Model 77250) with a 0.75 mm slit width, and Silicon detector
(UDT Sensors. Inc., Model 10DP/SB). The applied potential was kept at 0.215 V vs
Eaoc (λ) at each wavelength by adjusting the measured potential.

3.7.4 Photoconversion Efficiency from Monochromatic Photocurrent Density
The corresponding plot of % εphoto(λ) versus wavelength, λ, using Eq. (5) is given
in Figure 3.43 where total intensity in the denominator of Eq. (5) was used as 100 mW
cm-2. Performing the integration in equation 3 or determining the area under the curve in
Fig. 3.42 obtained using Eq. (5), a total photoconversion efficiency of 7.7 % was

obtained for CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at
substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi
followed by thermal flame oxidation at 825°C for 16 min (sample 2). These values were
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found to be comparable to 17.73 % and 14.04% (when calculated using equation 1 under
white light illumination of intensity 100 mW cm-2) from an Oriel solar simulator with an

Photoconversion Efficiency (% εphoto (λ))
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Figure 3.43 The photoconversion efficiency, % εphoto(λ), as a function of wavelength of
light, λ, for oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1);
and CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol
at substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure
of 20 psi followed by thermal flame oxidation at 825°C for 16 min (sample
2); electrolyte solution of 5 M KOH was used; under monochromatic light
illumination from an Oriel solar simulator with an AM 1.5 filter (model
91192); using a Spectra Physics monochromator (Model 77250) with a 0.75
mm slit width, and Silicon detector (UDT Sensors. Inc., Model 10DP/SB).
The applied potential was kept at 0.215 V vs Eaoc (λ) at each wavelength by
adjusting the measured potential.
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3.7.5 Photocurrent Density and Photoconversion Efficiency from IPCE (λ)
under Solar Simulator and Sunlight Illuminations
Figure 3.44 shows the photocurrent density, jpsolar simulator(λ), as a function of light

wavelength, λ, from an Oriel solar simulator for oven-made n-TiO2 (sample 1) and CMn-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol followed by thermal
flame oxidation at 825°C for 16 min (sample 2). Note that the values obtained by the
integration under the curve for photocurrent density, jpsolar simu(λ), for both samples (0.46
mA cm-2 for sample 1 and 7.11 mA cm-2 for sample 2) under solar simulator illumination,
are similar to those obtain under sunlight illumination (see Figure 3.45).

jpLight (λ) = [IPCE (λ) x e x IoLight(λ)]
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Figure 3.44 Wavelength dependent photocurrent density, jpsolar simulator(λ), versus wavelength of
incident, λ, at light intensity of 100 mW cm-2 from an Oriel solar simulator (model
91192) with an AM 1.5 filter, for oven-made n-TiO2 synthesized at 825°C for 16 min
(sample 1) and CM-n-TiO2 synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol
at substrate temperature of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20
psi followed by thermal flame oxidation at 825°C for 16 min (sample 2); electrolyte
solution of 5 M KOH was used.
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Figure 3.45 Wavelength dependent photocurrent density, jpsunlight(λ) = [IPCE (λ) x e x global
sunlight intensity, Iosunlight (λ)], versus wavelength of incident, λ, at light intensity of
100 mW cm-2 from an Oriel solar simulator (model 91192) with an AM 1.5 filter, for
oven-made n-TiO2 synthesized at 825°C for 16 min (sample 1) and CM-n-TiO2
synthesized by spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature
of 460 oC for 20 sec at carrier gas (oxygen) pressure of 20 psi followed by thermal
flame oxidation at 825°C for 16 min (sample 2); electrolyte solution of 5 M KOH was
used.

The corresponding total photoconversion efficiencies were calculated using Eqs.
solar simu
(λ) versus wavelength of light, λ, for oven-made n11 and 12. The plots of % ε solar

TiO2 (sample 1) and CM-n-TiO2 (sample 2) are given in Figure 3.46. The results of
maximum photoconversion efficiencies 0.35 % and 6.95 % under sunlight illumination
were obtained for n-TiO2 and CM-n-TiO2, respectively.
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Figure 3.46 Wavelength dependent photoconversion efficiency under sunlight illumination, %
solar simu
ε solar
, versus wavelength of incident light, λ, at light intensity of 100 mW cm-2

from an Oriel solar simulator (model 91192) with an AM 1.5 filter, for oven-made nTiO2 synthesized at 825°C for 16 min (sample 1) and CM-n-TiO2 synthesized by
spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20
sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame oxidation
at 825°C for 16 min (sample 2); electrolyte solution of 5 M KOH was used.

Similarly, the wavelength dependent percent photoconversion efficiency, %
sunlight
ε solar
(λ) under solar simulator determined in Figure 3.47 for n-TiO2 (0.33 %) and CM-

n-TiO2 (6.88 %) are closer to the corresponding photoconversion efficiency for the same
samples under solar simulator illumination (Figure 3.46), at the same applied potential
(at which % εphoto(total) at white light was observed), Eapp (λ), of 0.469 V and 0.219 V
for n-TiO2 and CM-n-TiO2, respectively.
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Figure 3.47 Wavelength dependent photoconversion efficiency under sunlight illumination, %
sunlight
ε solar
, versus wavelength of incident light, λ, at light intensity of 100 mW cm-2

from an Oriel solar simulator (model 91192) with an AM 1.5 filter, for oven-made nTiO2 synthesized at 825°C for 16 min (sample 1) and CM-n-TiO2 synthesized by
spray pyrolysis of 0.175M TiCl4 in ethanol at substrate temperature of 460 oC for 20
sec at carrier gas (oxygen) pressure of 20 psi followed by thermal flame oxidation
at 825°C for 16 min (sample 2); electrolyte solution of 5 M KOH was used.
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3.8 Optimization of Visible Light Active Carbon Modified (CM)-nFe2O3 Thin Films by Thermal Flame Oxidation∗
The photoresponse of carbon modified n-type Iron (III) oxide (CM-n-Fe2O3) was
optimized with respect to flame temperature and oxidation time. Fe metal sheets of 0.25
mm thick were thermally oxidized by using custom designed large flame. The
temperature of the flame was varied from 800 to 900°C. The oxidation time was varied
from 5 to 30 minutes.

3.8.1 Photocurrent Density
The photocurrent density (jp, mA cm-2) as a function of flame oxidation time (min) at
light intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-Fe2O3
photoelectrodes synthesized by thermal flame oxidation of Fe metal (Alfa, 0.25 mm
thick) at the optimum flame temperature of 850 °C is shown in Figure 3.48. The
samples prepared using an oxidation time of 15 min generated the highest photoresponse
with a maximum photocurrent density of 8.75 mA cm-2. However, the samples prepared
at a longer time of 20 min showed low photoresponse. This indicates that longer
exposure to heat can remove more carbon from CM-n-Fe2O3 samples and degrade their
performance.

∗

Shaban, Y. A.; Khan, S. U. M. ECS Tran. 2006, 3, 87
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Figure 3.48 Photocurrent density (jp, mA cm-2) as a function of flame oxidation time (min) at light
intensity of 100 mW cm-2 from a 150 Watt xenon lamp, for CM-n-Fe2O3
photoelectrodes synthesized by thermal flame oxidation of Fe metal (Alfa, 0.25 mm
thick) at flame temperature of 850 °C . 5.0 M KOH was used as an electrolyte
solution.

Figure 3.49 shows the photocurrent density (jp, mAcm-2) vs the measured

potential (Emeas, V/SCE) for CM-n-Fe2O3 synthesized by thermal oxidation of Fe metal
sheets at different temperatures (820 to 860 °C). All these samples were made at the
same optimum oxidation time of 15 minutes. The photocurrent densities of CM-n-Fe2O3
increased significantly by increasing the oxidation temperature from 820 °C up to 850 °C
and then sharply decreased at 860 °C. This behavior can be attributed to the fact that at
lower flame temperature, the film is not thick enough to absorb enough light. However,
at higher flame temperature, the quality and the conductivity of the films decline and, as a
result, the photocurrent density decreases.
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Figure 3.49 Photocurrent density (jp, mAcm-2) at light intensity of 100 mWcm-2 versus measured
potential (Emeas, V/SCE) for CM-n-Fe2O3 synthesized by thermal oxidation at
different temperatures (820 to 860 °C) for the same oxidation time of 15 minutes.
5.0 M KOH was used as an electrolyte solution.

3.8.2 Photoconversion Efficiency
The corresponding photoconversion efficiency, % εphoto(total), at light intensity of
100 mWcm-2 versus applied potential, Eapp (V vs. Emeas) for CM-n-Fe2O3 photoelectrodes
synthesized by thermal oxidation at different temperatures (820 °C to 860 °C) are shown
in Figure 3.50. These results clearly show an upward trend of photoconversion
efficiency by increasing the thermal oxidation temperature up to 850°C followed by a
drastic decline for CM-nFe2O3 prepared by thermal oxidation at 860°C.
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Figure 3.50 Photoconversion efficiency, %εphoto(total), at light intensity of 100 mWcm-2 versus
applied potential, Eapp (V vs. Emeas) for CM-n-Fe2O3 photoelectrodes synthesized by
thermal oxidation at different temperatures (820 to 860 °C). All samples were
synthesized at the same oxidation time of 15 minutes. 5.0 M KOH was used as an
electrolyte solution.

3.8.3 Photocurrent Density-Potential Dependence for Flame-made CM-nFe2O3 and Oven-made n-Fe2O3 Photoelectrodes
Figure 3.51 shows the dependence of photocurrent density (jp, mA cm-2) for

water splitting on measured electrode potentials (Emeas, V/SCE) at light intensity of 100
mW cm-2, for both flame-made-CM-n-Fe2O3 and oven-made-n-Fe2O3. Higher
photoresponse was obtained for CM-n-Fe2O3 synthesized by thermal flame oxidation of
Fe metal compared to oven-made n-Fe2O3 synthesized at the same optimum conditions.
Under illumination of light intensity of 100 mW cm-2, at measured potential of -0.1
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V/SCE, photocurrent density increased from 2.8 mA cm-2 for oven-made n-Fe2O3 to 7.83
mA cm-2 for carbon modified n-CM-n-Fe2O3 synthesized by thermal flame oxidation.
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Figure 3.51 Photocurrent density (jp, mAcm-2) at light intensity of 100 mWcm-2 versus measured
potential (Emeas, V/SCE) for CM-n-Fe2O3 synthesized by thermal oxidation and the
reference oven-made n-Fe2O3. Both samples were prepared at same optimum
conditions of 850 °C for 15 minutes. 5.0 M KOH was used as an electrolyte solution.
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3.8.4 Photoconversion Efficiency-Potential Dependence for Flame-made CMn-Fe2O3 and Oven-made n-Fe2O3 Photoelectrodes
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Figure 3.52 Photoconversion efficiency, %εphoto(total), at light intensity of 100 mWcm-2 versus
applied potential, Eapp (V vs. Emeas) for CM-n-Fe2O3 synthesized by thermal oxidation
and the reference oven-made n-Fe2O3. Both samples were prepared at oxidation
temperature of 850 °C and oxidation time of 15 minutes. 5.0 M KOH was used as an
electrolyte solution.

Figure 3.52 shows the photoconversion efficiency, % εphoto(total), as a function

of applied potential, Eapp (V vs. Emeas), for both CM-n-Fe2O3 photoelectrodes synthesized
by thermal flame oxidation and the reference oven-made n-Fe2O3. Both samples were
prepared at the same optimum conditions of oxidation temperature of 850 °C and
oxidation time of 15 min. It is clearly observed that, under illumination intensity of 100
mWcm-2, the maximum photoconversion efficiency for water splitting improved
significantly from 3.61 % (at a minimal applied potential of +0.5 V vs. Eaoc) for ovenmade n-Fe2O3 to 6.5 % (at a minimal applied potential of +0.402 V vs. Eaoc) for CM-n-
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Fe2O3 synthesized by thermal flame oxidation process. The electrode potentials at open
circuit condition under illumination of light, Eaoc, were found to be -0.510 V /SCE and –
0.498 V/SCE for flame-made CM-n-Fe2O3 and oven-made n-Fe2O3 electrodes,
respectively.

3.8.5 Band Gap Energy
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Figure 3.53 Plot of [η (hυ)]1/2 vs. hυ to determine the bandgap energies of both flame-made CMn-Fe2O3 and oven-made n-Fe2O3 films. Both electrodes were synthesized at the
same optimum conditions of 825 ºC for 15 minutes; electrolyte solution of 5 M KOH;
Under monochromatic light illumination of an Oriel solar simulator; using a Spectra
Physics monochrometer (Model 77250) with a 0.75 mm slit width, and silicon
detector (UDT Sensors. Inc., Model 10DP/SB).

Figure 3.53 shows [η (λhυ)]1/2 versus hυ for thermally prepared CM-n-Fe2O3 and

oven-made n-Fe2O3 at 850 ºC for 15 min. From the intercept of this plot the bandgap is
obtained. It is observed that the band gap energy lowered from 2.3 eV for oven-made n-
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Fe2O3 to 1.95 eV for flame-made CM-n-Fe2O3. This reduction of the band gap can be
attributed to carbon doping during flame oxidation process. These band gap values are in
accordance with those obtained from UV-Vis spectra

3.8.6 Monochromatic Photocurrent-Wavelength Dependence
The dependence of monochromatic photocurrent density, jp(λ), versus the
wavelength, λ, of light for oven-made n-Fe2O3 (sample 1) and flame-made CM-n- Fe2O3
(sample 2); both samples were prepared at oxidation temperature of 850 °C and oxidation
time of 15 minutes is shown in Figure 3.54.
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Figure 3.54 The monochromatic photocurrent density, jp (λ), as a function of wavelength of light,
λ, for oven-made n-Fe2O3 (sample 1) and flame-made CM-n- Fe2O3 (sample 2);
both samples were prepared at oxidation temperature of 850 °C and oxidation time
of 15 minutes; electrolyte solution of 5 M KOH was used; under monochromatic
light illumination of xenon lamp; using a Spectra Physics monochromator (Model
77250) with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc., Model
10DP/SB).
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The monochromatic photocurrent density, jp (λ), at measured potential of 0.0
V/SCE, was measured under monochromatic light illumination of xenon lamp by using a
Spectra Physics monochrometer (Model 77250). Significant visible light absorption
activity by carbon modified CM-n- Fe2O3 (sample 2) can be noticed compared to ovenmade n-Fe2O3. Performing integration under the curve, total photocurrent densities of 0.7
mA cm-2 and 7.2 mA cm-2 were observed for oven-made n-Fe2O3 and CM-n-Fe2O3,
respectively.
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Figure 3.55 The photoconversion efficiency, % εphoto(λ), as a function of wavelength of light, λ,
for oven-made n-Fe2O3 (sample 1) and flame-made CM-n-Fe2O3 (sample 2); both
samples were prepared at oxidation temperature of 850 °C and oxidation time of 15
minutes; electrolyte solution of 5 M KOH was used; under monochromatic light
illumination of xenon lamp; using a Spectra Physics monochromator (Model 77250)
with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc., Model
10DP/SB).

91

3.8.7 Photoconversion Efficiency from Monochromatic Photocurrent Density
The plot of % εphoto(λ) versus wavelength, λ, using Eq. (5) for oven-made n-Fe2O3
and CM-n-Fe2O3 is given in Figure 3.55 where total intensity in the denominator of Eq.
(5) was used as 100 mW cm-2. Performing integration in equation 3 from λmin = 250 nm
to λg = 1240/Eg or determining the area under the curve in Fig. 6 obtained using Eq. (5),
a total photoconversion efficiency of 5.9 % was found for CM-n-Fe2O3 synthesized by
thermal flame oxidation at 850 °C for 15 min and 0.51 % for oven-made n-Fe2O3
synthesized at the same optimum conditions.

3.8.8 Photocurrent Density and Photoconversion Efficiency from IPCE (λ)
under Xenon Lamp and Sunlight Illuminations
From the values of the wavelength dependent incident photon conversion
efficiency IPCE (λ) of oven-made n-Fe2O3 and CM-n-Fe2O3 samples, the photocurrent
densities under xenon lamp, jpxenon lamp (λ), and under sunlight, jpsunlight (λ), illuminations
were determined using Eqs. 9 and 12, respectively.
The plots of jpxenon(λ) and jpsunlight(λ) versus the wavelength of light, λ, oven-made
n-Fe2O3 (sample 1) and flame-made CM-n-Fe2O3 (sample 2) are given in Figures 3.56
and 3.57, respectively. The integrated value of total current density for flame-made CMn-Fe2O3 (sample 2) under xenon lamp illumination and sunlight illumination were found
to be 6.9 mA cm-2 and 6.19 mA cm-2, respectively. For each wavelength of light a
constant Eapp(λ) = 0.402 V was used during the experiment by adjusting the Emeas values
(see Eq. (4)).
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Hence, using Eqs. (10 and 13), maximum photoconversion efficiency of CM-nFe2O3 for water splitting under xenon lamp, % ε effxenon (total) and under global sunlight, %

ε effsunlight (total) can be calculated as,
% ε effxenon ( total) = [6.9 mA cm-2 (1.23 V – 0.402) /100 mW cm-2)] x 100
= 5.71 %
% ε effsunlight ( total) = [6.19 mA cm-2 (1.23 V – 0.402) /100 mW cm-2)] x 100
= 5.12 %
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Figure 3.56 Wavelength dependent photocurrent density under xenon lamp illumination, jpxenon(λ)
= [IPCE (λ) x xenon lamp intensity, Ioxenon (λ)], versus wavelength of incident Xenon
lamp, λ, for oven-made n-Fe2O3 (sample 1) and flame-made CM-n- Fe2O3(sample
2); both samples were prepared at oxidation temperature of 850 °C and oxidation
time of 15 minutes; electrolyte solution of 5 M KOH was used; under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochromator (Model 77250) with a 0.75 mm slit width, and Silicon detector
(UDT Sensors. Inc., Model 10DP/SB).
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The plots of % ε effxenon (λ) and % ε effsunlight (λ) versus wavelength of light, λ, for CM-nFe2O3 are given in Figures 3.58 and 3.59. Performing the integration under the curve in
both Figures, maximum photoconversion efficiencies of 5.71 % under xenon and 5.12 %
under sunlight illuminations were obtained.
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Figure 3.57 Wavelength dependent photocurrent density under global sunlight illumination,
jpsunlight(λ) = [IPCE (λ) x global sunlight intensity, Iosunlight(λ)], versus wavelength of
incident Xenon lamp, λ, for oven-made n-Fe2O3 (sample 1) and flame-made CM-nFe2O3 (sample 2); both samples were prepared at oxidation temperature of 850 °C
and oxidation time of 15 minutes; electrolyte solution of 5 M KOH was used; under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochromator (Model 77250) with a 0.75 mm slit width, and Silicon detector (UDT
Sensors. Inc., Model 10DP/SB).
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Figure 3.58 Wavelength dependent photoconversion efficiency under xenon lamp illumination,
versus wavelength of incident light, λ, for oven-made n-Fe2O3 (sample 1) and flamemade CM-n- Fe2O3 (sample 2); both samples were prepared at oxidation
temperature of 850 °C and oxidation time of 15 minutes; electrolyte solution of 5 M
KOH was used; under monochromatic light illumination of xenon lamp; using a
Spectra Physics monochromator (Model 77250) with a 0.75 mm slit width, and
Silicon detector (UDT Sensors. Inc., Model 10DP/SB).
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Figure 3.59 Wavelength dependent photoconversion efficiency under global sunlight
illumination, versus wavelength of incident light, λ, for oven-made n-Fe2O3 (sample
1) and flame-made CM-n- Fe2O3 (sample 2); both samples were prepared at
oxidation temperature of 850 °C and oxidation time of 15 minutes; electrolyte
solution of 5 M KOH was used; under monochromatic light illumination of xenon
lamp; using a Spectra Physics monochromator (Model 77250) with a 0.75 mm slit
width, and Silicon detector (UDT Sensors. Inc., Model 10DP/SB).
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3.8.9 UV-Vis Spectra
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Figure 3.60 UV-Visible spectra for CM-n-Fe2O3 synthesized by thermal oxidation and the
reference oven-made n-Fe2O3. Both samples were prepared at the optimum
conditions of oxidation temperature of 850 °C and oxidation time of 15 minutes.

Figure 3.60 compares the UV-Vis absorbance of flame-made CM-n-Fe2O3 and

oven-made n-Fe2O3 photoelectrodes having maximum photoconversion efficiencies of
6.55 % and 3.61 %, respectively. Both electrodes were synthesized at the same optimum
conditions of 850 °C for 15 min. The UV-Vis spectroscopic results show a significant
increase in the absorbance of light in the UV as well as in the visible regions for flamemade CM-n-Fe2O3 film compared to that of the oven-made n-Fe2O3. The UV-Vis spectra
are consistent with the higher photocurrent densities of flame-made CM-n-Fe2O3 thin
film electrodes. The absorption spectra demonstrate a wide absorption in the UV and
visible regions with a tail extending up to 600 nm corresponds to a bandgap energy of
1.95 eV for flame-made CM-n-Fe2O3 and up to 545 nm which corresponds to bandgap
energy of 2.3 eV for oven-made n-Fe2O3. The low band gap energy value for flame97

made CM-n-Fe2O3 can be attributed to carbon incorporation during the flame oxidation
process of Fe metal sheet.

3.8.10 X-Ray Diffraction (XRD)
XRD patterns (Figure 3.61) show that in addition to Fe2O3, Fe3O4 and FeO are
also present in both oven-made and flame-made thin films. Analysis of XRD confirms
carbon incorporation in flame-made iron (III) oxide film by the presence the peaks for
iron carbide compounds in the forms of FeC, Fe2C, and Fe3C, and FeCO3. None of these
peaks for iron carbide compounds was identified in oven-made iron (III) oxide. It can be
concluded that the flame oxidation process is responsible for carbon incorporation onto
iron (III) oxide thin film.
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Figure 3.61 X-Ray Diffraction (XRD) patterns for CM-n-Fe2O3 synthesized by thermal oxidation
and the reference oven-made n-Fe2O3. Both samples were prepared at oxidation
temperature of 850 °C and oxidation time of 15 minutes.
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3.8.11. Energy Dispersive spectroscopy (EDS)
Table 3.2 shows the EDS of oven-made n-Fe2O3 and flame-made CM-n-Fe2O3

photoelectrodes. The presence of carbon in CM-n-Fe2O3 photoelectrode and its absence
in the oven-made n-Fe2O3 were observed. The corresponding EDS spectra of oven-made
n-Fe2O3 and flame-made CM-n-Fe2O3 samples are shown in Figures 3.62(a) and (b),
respectively. Note that the regular oven-made n-Fe2O3 did not show any carbon peak.

(a)

(b)

Figure 3.62 Pattern of Energy Dispersive Spectroscopy (EDS) of: (a) oven-made n-Fe2O3
(atomic carbon 0.0 %) (b) flame-made CM-n-Fe2O3 (atomic carbon 8.4 %).

Table 3.2 Atomic percent of elements, Fe, O and C for oven-made n-Fe2O3 and flame-made CMn-Fe2O3 films from EDS data.

Atomic %
Element

Oven-made
n-Fe2O3

Flame-made
CM-n-Fe2O3

Fe

43.7

36.2

O

56.3

55.4

C

0.0

8.4

99

3.8.12 Scanning Electron Microscopy (SEM)

a

b

Figure 3.63 Scanning Electron Microscopy (SEM) images of oven-made-n-Fe2O3 (a), and CM-nFe2O3 (b) synthesized by thermal oxidation. Both samples were prepared at
oxidation temperature of 850 °C and oxidation time of 15 minutes.

Obvious morphological differences can be observed from the scanning electron
microscopic (SEM) images (Figure 3.63) between oven-made n-Fe2O3 film (a)
synthesized by heating at 850ºC for 15 min, and CM-n-Fe2O3 film (b) synthesized by
thermal oxidation at the same conditions. The surface of oven-made n-Fe2O3 is flat and
smooth compared to that jagged and rough surface for CM-n-Fe2O3 prepared by flame
oxidation technique.
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3.9 Photoresponse of Visible Light Active Carbon Modified (CM)-pWO3 Thin Film Electrode∗
The photoresponse of carbon modified n-type tungsten oxide (CM-n-WO3) was
optimized with respect to flame temperature and oxidation time. Fe metal sheets of 0.25
mm thick were thermally oxidized by using custom designed large flame. The
temperature of the flame was varied from 800 to 900°C. The oxidation time ranged from
5 to 30 minutes.

3.9.1 Dependence of Photocurrent Density at CM-p-WO3 on Measured
Electrode Potential
Figure 3.64 shows the dependence of photocurrent density (jp, mAcm-2) under

illumination of light intensity of 100 mW cm-2 as a function of measured potential (Emeas,
V/SCE) for CM-p-WO3 synthesized by thermal oxidation of tungsten metal sheets at
different flame temperatures (850, 900 and 950 °C). All these samples were made at the
same oxidation time of 15 minutes. The photocurrent densities of CM-p-WO3 increased
significantly by increasing the oxidation temperature from 850 up to 900 °C. When the
flame temperature is higher than 900 °C, the quality of samples starts to decline due to
overheating and also due loss of carbon in the sample at higher temperature.

∗

Shaban, Y. A.; Khan, S. U. M. ECS Trans. 2007, 6, 93.
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Figure 3.64 Photocurrent density (jp, mAcm-2) versus measured potential (Emeas, V/SCE) for CMp-WO3 synthesized by thermal oxidation of tungsten metal sheets at different flame
temperatures 850, 900 and 950 °C. All these samples were synthesized at the same
flame oxidation time of 15 minutes.

Carbon modified tungsten oxide photoelectrodes synthesized by thermal oxidation
of tungsten metal sheets exhibited p-type photoresponse in acidic medium of 0.5 M
H2SO4 which could be due to carbon modification of tungsten oxide. At a potential of
-0.2 V (V/SCE) and under illumination intensity of 100 mW cm-2 the photocurrent
density increased significantly from 0.17 to 2.08 mAcm-2 by elevating the thermal
oxidation temperature of W metal from 850 to 900 ºC. Further increase in oxidation
temperature to 950 ºC decreases the photocurrent density of p-WO3 drastically to 0.8 mA
cm-2.
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3.9.2 Dependence of Photoconversion Efficiency on Applied Potential at CMp-WO3 Photoelectrodes
Figure 3.65 shows the photoconversion efficiency (% εphoto (total)) as a function

of applied potential (Eapp, V vs. Eaoc) for CM-p-WO3 synthesized by thermal oxidation of
tungsten metal sheets at flame temperatures of 850, 900 and 950 °C. All these samples
were synthesized at the same flame oxidation time of 15 minutes. A maximum
photoconversion efficiency of 2.16 % was observed under illumination of light intensity
of 100 mW cm-2, at a minimal applied potential of -0.4 V vs. Eaoc for the sample
synthesized by using flame temperature of 900 oC for 15 min.
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Figure 3.65 Photoconversion efficiency (% εphoto) versus measured potential (Emeas, V/SCE) for
CM-p-WO3 synthesized by thermal oxidation of tungsten metal sheets at different
flame temperatures 850, 900 and 950 °C. All these samples were synthesized at the
same flame oxidation time of 15 minutes.
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3.9.3 Monochromatic Photocurrent-Wavelength Dependence
The dependence of monochromatic photocurrent density, jp(λ), on the wavelength, λ,
of light for CM-p-WO3 thin film electrodes, having photoconversion efficiency of 2.16 %
synthesized by thermal oxidation of W metal at oxidation temperature of 900 °C for 15
minutes is shown in Figure 3.66. The monochromatic photocurrent density, jp (λ), at
measured potential of 0.0 V/SCE was measured under monochromatic light from a xenon
lamp by using a Spectra Physics monochrometer (Model 77250). Significant visible light
absorption activity by carbon modified p-WO3 can be noticed, where a maximum
photocurrent density value of 3.25 µA cm-2 at 425 nm.
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Figure 3.66 Monochromatic photocurrent density, jp(λ), versus the wavelength, λ, of light for CMp-WO3 thin film electrodes synthesized by thermal oxidation of W metal at
temperature of 900 ºC for 15 minutes; electrolyte solution of 0.5 M H2SO4; Under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochrometer (Model 77250) with a 0.75 mm slit width, and Silicon detector (UDT
Sensors. Inc. Model 10DP/SB).
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3.9.4 Photoconversion Efficiency from Monochromatic Photocurrent Density
The plot of % εphoto(λ) versus wavelength, λ, using Eq. (5) for CM-p-WO3 is
given in Figure 3.67 where total intensity in the denominator of Eq. (5) was used as 100
mW cm-2. Performing integration for the area under the curve in Fig. 3.67, a total

Photoconversion Efficiency (% εphoto(λ))

photoconversion efficiency of 0.85 % was found.
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Figure 3.67 The photoconversion efficiency, % εphoto(λ), as a function of wavelength of light, λ,
for CM-p-WO3 thin film electrodes synthesized by thermal oxidation of W metal at
temperature of 900 ºC for 15 minutes; electrolyte solution of 0.5 M H2SO4; Under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochrometer (Model 77250) with a 0.75 mm slit width, and Silicon detector (UDT
Sensors. Inc. Model 10DP/SB).
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3.9.5 Dependence of Incident Photon Conversion Efficiency percent (IPCE)
on Wavelength of light, λ
Figure 3.68 shows the IPCE as a function of wavelength of light for CM-p-WO3.

Maximum IPCE of 0.48 at wavelength of 260 nm can be observed. However, in the
visible region the CM-p-WO3 shows incident photon conversion efficiency (IPCE) in the
range between 0.01 at 500 nm and 0.1 at 400 nm. These activities in the visible region
can be attributed to carbon modification of WO3 during the flame oxidation process of
tungsten metal.
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Figure 3.68 Incident Photon conversion efficiency, IPEC, as a function of wavelength, λ, of light
for CM-p-WO3 synthesized by thermal flame oxidation of W metal at temperature of
900 ºC for 15 minutes; electrolyte solution of 0.5 M H2SO4; Under monochromatic
light illumination of xenon lamp; using a Spectra Physics monochrometer (Model
77250) with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc. Model
10DP/SB).
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3.9.6 Band gap Energy
Figure 3.69 shows the plot for [η (λhυ)]1/2 versus hυ for thermally prepared CM-

p-WO3 at oxidation temperature of 900 ºC for 15 min. From the intercept of the straight
line the band gap is obtained. It can be observed that the band gap energy of CM-p-WO3
is lowered from 2.6 eV to 2.42 eV due to carbon incorporation during the flame oxidation
process of tungsten metal.
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Figure 3.69 Plot of [η (hυ)]1/2 vs. hυ to determine the bandgap of CM-p-WO3 thin film electrodes
synthesized by thermal oxidation of W metal at temperature of 900 ºC for 15
minutes; electrolyte solution of 0.5 M H2SO4; Under monochromatic light
illumination of xenon lamp; using a Spectra Physics monochrometer (Model 77250)
with a 0.75 mm slit width, and Silicon detector (UDT Sensors. Inc., Model
10DP/SB).
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3.9.7 Photocurrent Density and Photoconversion Efficiency from IPCE (λ)
under Xenon Lamp and Sunlight Illuminations
i) Photocurrent Density

From the values of the wavelength dependent incident photon conversion efficiency
IPCE (λ) of the CM-p-WO3, the photocurrent densities under xenon lamp, jpxenon lamp (λ),
and under sunlight, jpsunlight (λ), illuminations were determined using Eqs. 9 and 12. The
plots of jpxenon lamp (λ) and jpsunlight(λ) versus the wavelength of light, λ, are shown in
Figures 3.70 and 3.71, respectively.

(λ)

3.5

(µA cm )

2.5

-2

Photocurrent Density, jp

xenon

3.0

2.0
1.5
1.0
0.5

-2

xenon

jp

(λ) = 0.40 mA cm

0.0
250

300

350

400

450

500

550

Wavelength (nm)

Figure 3.70 Wavelength dependent photocurrent density under xenon lamp illumination,
jpxenon(λ) = [IPCE (λ) x xenon lamp intensity, Ioxenon (λ)], versus wavelength of
incident Xenon lamp, λ, for CM-p-WO3 synthesized by thermal oxidation of W metal
at temperature of 900 ºC for 15 minutes; electrolyte solution of 0.5 M H2SO4; Under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochrometer (Model 77250) with a 0.75 mm slit width, and Silicon detector
(UDT Sensors. Inc. Model 10DP/SB).
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The integrated values of total current density under xenon lamp and sunlight
illuminations were found to be 0.40 mA cm-2 and 0.42 mA cm-2, respectively for λmin =
300 and λg = 505 nm. For each wavelength of light a constant Eapp(λ) = - 0.4 V ( at
which the maximum photoconversion efficiency was observed) was used during the
experiment by adjusting the Emeas values (see Eq. (4)).

Photocurrent Density, jpsunlight(λ)
(µA cm-2)

4.0
3.5
3.0
2.5
2.0
1.5
1.0
-2

sunlight

jp

0.5

(λ) = 0.42 mA cm

0.0
300

350

400

450

500

550

Wavelength (nm)
Figure 3.71 Wavelength dependent photocurrent density under global sunlight illumination,
jpsunlight(λ) = [IPCE (λ) x global sunlight intensity, Iosunlight(λ)], versus wavelength of
incident light, λ, for CM-p-WO3 synthesized by thermal oxidation of W metal at
temperature of 900 ºC for 15 minutes; electrolyte solution of 0.5 M H2SO4; Under
monochromatic light illumination of xenon lamp; using a Spectra Physics
monochrometer (Model 77250) with a 0.75 mm slit width, and Silicon detector
(UDT Sensors. Inc. Model 10DP/SB).
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ii) Photoconversion Efficiency

The corresponding total photoconversion efficiencies under xenon lamp
% ε effxenon (λ) and under global sunlight % ε effsunlight (λ) were calculated using Eqs. 10 and 13,
respectively.
% ε effxenon ( total) = [0.4 mA cm-2 (1.23 V – (-0.4)) /100 mW cm-2)] x 100
= 0.65 %
% ε effsunlight ( total) = [0.42 mA cm-2 (1.23 V – (-0.4)) /100 mW cm-2)] x 100
= 0.68 %
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Figure 3.72 Wavelength dependent photoconversion efficiency under xenon lamp illumination,
versus wavelength of incident light, λ, for CM-p-WO3 synthesized by thermal
oxidation of W metal at temperature of 900 ºC for 15 minutes; electrolyte solution of
0.5 M H2SO4; Under monochromatic light illumination of xenon lamp; using a
Spectra Physics monochrometer (Model 77250) with a 0.75 mm slit width, and
Silicon detector (UDT Sensors. Inc. Model 10DP/SB).
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The plots of % ε effxenon (λ) and % ε effsunlight (λ) versus wavelength of light, λ are given in
Figures 3.72 and 3.73. The integrated values of the maximum photoconversion

efficiencies of 0.65 % xenon lamp illumination and 0.68 % under sunlight illumination
were found to be the same as the calculated ones.
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Figure 3.73 Wavelength dependent photoconversion efficiency under global sunlight
illumination, versus wavelength of incident light, λ, for CM-p-WO3 synthesized by
thermal oxidation of W metal at temperature of 900 ºC for 15 minutes; electrolyte
solution of 0.5 M H2SO4; Under monochromatic light illumination of xenon lamp;
using a Spectra Physics monochrometer (Model 77250) with a 0.75 mm slit width,
and Silicon detector (UDT Sensors. Inc. Model 10DP/SB).
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3.9.8 UV-Vis Spectra
Figure 3.74 compares the UV-Vis absorbance of both flame synthesized CM-p-

WO3 and oven-made n-WO3. Both electrodes were prepared at the same optimum
conditions of flame oxidation temperature of 900 °C for 15 min. The UV-Vis absorption
spectra show a significant improvement in the absorbance of light in UV and visible

Absorbance (a.u)

regions for flame-made CM-p-WO3 films compared to oven-made n-WO3.
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Figure 3.74 UV-Visible spectra of flame-made-CM-p-WO3 and oven-made n-WO3
photoelectrodes synthesized at the same optimum conditions of flame oxidation
temperature of 900 °C for 15 min.

The absorption spectra of flame-made CM-p-WO3 demonstrate a wide absorption
in the visible region with a tail extending to 512 nm which corresponds to band gap
energy value of 2.42 eV. The threshold of absorption for oven-made-n-WO3 (475 nm) is
in agreement with a band gap value of 2.6 eV for n-WO3.140-142 The low band gap energy
value of CM-p-WO3 films can be attributed to the carbon incorporation during the flame
oxidation process of tungsten metal sheet.
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3.10 Self-Driven Photoelectrochemical Cells (PECs) for Water Splitting
3.10.1 Self-Driven Carbon Modified (CM)-n-TiO2 / p-GaInP2
Photoelectrochemical Cell
Carbon modified (CM)-n-TiO2 was coupled with a p-type semiconductor, pGaInP2, in a single compartment PEC to photosplit water efficiently without the need of
any external bias potential under illumination by solar simulated light from an Oriel solar
simulator with an AM 1.5 filter. The set-up employed p-GaInP2 (obtained from the
National Renewable Energy Laboratory (NREL)) as photocathode and its synthesis was
detailed earlier. 152 The p-GaInP2 was chosen because of its ideal band gap that ranges
from 1.7 to 1.9 eV, although it does not have the proper energetic to split water by itself
153

and must be coupled with another matching semiconductor to work as a self-driven

water splitting PEC.
The p-GaInP2 was used as the working electrode (photocathode) for hydrogen
evolution and CM-n-TiO2 as the counter electrode (photoanode) for oxygen evolution in
a two-electrode configuration. Both photoelectrodes were illuminated simultaneously as
shown in Figure 3.75a. The idealized energy level diagram for a CM-n-TiO2 / p-GaInP2
PEC system with an electrolyte interface is given in Figure 3.75b. Illumination of the
electrodes was carried out using an Oriel solar simulator (model 91192) with an AM 1.5
filter. The light intensity measured with a silicon detector (UDT Sensors Inc., Model
10DP/SB) was 200.0 ± 2.0 mW/cm2 or 2 suns. The p-GaInP2 electrode was coated with
electrocatalytic platinum islets to stabilize the electrode surface. The combined band gap
energies of both photoelectrodes are sufficiently large to (a) provide enough photovoltage
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(≥ 1.23 V) for water splitting and (b) overcome any overvoltage losses during H2 and O2
gas evolution reactions at photoelectrode-electrolyte interfaces.
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Figure 3.75 (a) Schematic of a dual photoelectrode water splitting system with insets of the
individual electrode configurations. Each electrode is illuminated directly from
an Oriel solar simulator (Model 91192) with an AM 1.5 filter at an intensity of
200 mW/cm2 (or 2 suns). (b) Idealized energy level diagram for a CM-n-TiO2 /
p-GaInP2 PEC system with electrolyte interfaces.

Figure 3.76a shows the photocurrent density (jp)-voltage dependences for CM-n-

TiO2 / p-GaInP2 photoelectrochemical cell (PEC) (curve 1) and for p-GaInP2 / Pt PEC
(curve 2) measured in a two-electrode configuration in an electrolyte solution of 3.0 M
H2SO4 under illumination from an Oriel solar simulator (model 91192) with an AM 1.5
filter at an intensity of 200 mW/cm2 (2 suns). The open circuit voltage for p-GaInP2 / Pt
PEC was found to be – 0.4 V under illumination which is 0.4 V negative of 0 V bias
(curve 2 in Figure 3.76a). Hence, the p-GaInP2 (Pt) / Pt PEC required additional external
voltage in order for it to photosplit water indicating that this PEC is not self-driven. Under
illumination, the CM-n-TiO2 / p-GaInP2 PEC exhibited an open circuit voltage of + 0.4 V,
indicating that the required photovoltage for water splitting was generated in this PEC,
making it self-driven without the need of any external bias potential (3- 5).

114

i) Photocurrent Density-Voltage Measurements
Figure 3.76b shows the photocurrent density-voltage dependence at photoanode,

CM-n-TiO2 in CM-n-TiO2 / Pt PEC measured in a two-electrode configuration in 3.0 M
H2SO4 under illumination from an Oriel solar simulator (model 91192) with an AM 1.5
filter at an intensity of 200 mW/cm2. The observed photocurrent densities for oxygen
evolution in this figure at the photoanode, CM-n-TiO2 were found to be large enough to
match with those observed in the self-driven CM-n-TiO2 /p-GaInP2 PEC (curve 1 in
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Figure 3.76 (a) Photocurrent density-voltage dependence for CM-n-TiO2 / p-GaInP2 PEC
(curve 1) and at photocathode, p-GaInP2 in p-GaInP2 / Pt PEC (curve 2) in 3.0 M
H2SO4 and 0.01 M Triton-X under white light illumination from an Oriel solar
simulator (model 91192) with an AM 1.5 filter at an intensity of 200 mW/cm2. (b)
Photocurrent density-voltage dependence at photoanode, CM-n-TiO2 in CM-nTiO2 / Pt PEC in 3.0 M H2SO4 and 0.01 M Triton-X under white light illumination
from an Oriel solar simulator (model 91192) with an AM 1.5 filter at an intensity of
200 mW/cm2.
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The self-driven photocurrent density was obtained by dividing the observed
photocurrent at zero bias by the sum of the areas of the photoanode and photocathode.
Using these values, the solar to H2 gas production efficiency was found to be 10.04 % at
0.0 V bias (30). Thus, the self-driven solar to hydrogen production efficiency was 10.04
% under a solar simulated light illumination for the CM-n-TiO2 / p-GaInP2 PEC.
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Figure 3.77 Photocurrent density-voltage dependence for self-driven CM-n-TiO2 / p-GaInP2
PEC in 3.0 M H2SO4 and 0.01 M Triton-X under white light illumination from an
Oriel solar simulator (model 91192) with an AM 1.5 filter at an intensity of 200
mW/cm2 (2 suns). Efficiency = [(16.33 mA/cm2 × 1.23 V) / 200 mW/cm2] × 100 =
10.04 %.

ii) Self-Driven Solar to Hydrogen Production Efficiency

The efficiency of the H2 production was calculated by taking the power output of
the CM-n-TiO2 / p-GaInP2 PEC and dividing it by the power input from the incident
light. The power input of the incident light from the solar simulator was 200 mW/cm2.
The power output at 0.0 V bias was obtained by multiplying the self-driven photocurrent
density, jp = 16.33 mA/cm2 (Fig. 3.77) by 1.23 V (the minimum water splitting voltage).
Efficiency = [(16.33 mA/cm2 × 1.23 V) / 200 mW/cm2] × 100 = 10.04 %.

116

3.10.2 Self-Driven CM-p-WO3 / CM-n-TiO2 Photoelectrochemical Cell
Carbon modified (CM)-n-TiO2 was coupled with a p-type semiconductor, CM-pWO3, in a single compartment PEC, to photosplit water efficiently without the need of
any external bias potential under illumination by solar simulated light from an Oriel solar
simulator with an AM 1.5 filter. The set-up employed CM-p-WO3 as photocathode.
The CM-p-WO3 was used as the working electrode (photocathode) for hydrogen
evolution and CM-n-TiO2 as the counter electrode (photoanode) for oxygen evolution in
a two-electrode configuration. Both photoelectrodes were illuminated simultaneously as
shown in Figure 3.78. Illumination of the electrodes was carried out using an Oriel
solar simulator (model 91192) with an AM 1.5 filter. The light intensity measured with a
silicon detector (UDT Sensors Inc., Model 10DP/SB) was 100.0 mW cm-2 (1 sun). 3.0 M
H2SO4 was used as the electrolyte solution.

Figure 3.78 Schematic of a dual photoelectrode water splitting system with insets of the
individual electrode configurations. Both photoelectrodes were illuminated
simultaneously by light intensity of 100 mWcm-2 (1 sun) from an Oriel solar
simulator (model 91192) with a global AM 1.5 filter.
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i) Photocurrent Density-Voltage Measurements
Figure 3.79 shows the photocurrent density-voltage measurements for CM-n-

TiO2 / Pt PEC in 3.0 M H2SO4 under white light illumination from an Oriel solar
simulator (model 91192) with an AM 1.5 filters at an intensity of 100 mW cm-2 (1 sun).
The carbon modified (CM)-n-TiO2 thin films synthesized by thermal flame oxidation of
Ti metal sheet at 825oC for 16 min absorbed light in the visible region and hence showed
high photocurrent density. The open circuit voltage for CM-n-TiO2 / Pt PEC was found to
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Figure 3.79 Photocurrent density-voltage
measurements for CM-n-TiO2 / Pt PEC in
3.0 M H2SO4 under white light illumination
from an Oriel solar simulator (model 91192)
with an AM 1.5 filters at an intensity of 100
mW/cm2 (1 sun).

Figure 3.80 Photocurrent density-voltage
measurements for CM-p-WO3 / Pt PEC in
3.0 M H2SO4 under white light illumination
from an Oriel solar simulator (model 91192)
with an AM 1.5 filters at an intensity of 100
mW/cm2 (1 sun).
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Figure 3.81 Photocurrent-voltage dependence of self-driven current of CM-p-WO3 / CM-n-TiO2
in 3.0 M H2SO4 under white light illumination from an Oriel solar simulator (model
91192) with an AM 1.5 at an intensity of 100 mW/cm2 (1 sun).

Figure 3.80 shows the photocurrent density-voltage measurements for CM-p-

WO3 / Pt PEC in 3.0 M H2SO4 under white light illumination from an Oriel solar
simulator (model 91192) with an AM 1.5 filters at an intensity of 100 mW cm-2 (1 sun).
The Carbon modified tungsten oxide photoelectrodes synthesized by thermal oxidation of
tungsten metal sheets at 900oC for 15 min exhibited p-type photoresponse which could be
due to carbon modification of tungsten oxide. The open circuit voltage for CM-p-WO3 /
Pt PEC was found to be + 0.142 V under illumination.
Figure 3.81 shows the self-driven photocurrent density-voltage dependence for

the CM-n-TiO2 / CM-p-WO3 PEC which shows a current density of 0.4 mA cm-2 at 0.0 V
vs CM-n-TiO2 under illumination. The CM-n-TiO2 / CM-p-WO3 electrode exhibited an
open circuit voltage of +0.132 V, indicating the extra photovoltage being generated by
the CM-n-TiO2 electrode.
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ii) Self-Driven Solar to Hydrogen Production Efficiency

The power output at 0.0 V vs CM-n-TiO2 was obtained by multiplying the selfdriven photocurrent density, jp = 0.4 mA cm-2 by 1.23 V (the minimum water splitting
voltage). Self-driven photocurrent density was obtained by dividing the observed
photocurrent by the sum of the areas of the photoanode and photocathode. Using these
values, the solar to H2 gas production efficiency was found to be 0.5 % at 0.0 V vs CM-nTiO2. Thus, the self-driven solar to hydrogen production efficiency is 0.5 % under solar
simulate light illumination of A.M. 1.5 (1 sun).
Efficiency = [(0.4 mA/cm2 × 1.23 V) / 100 mW/cm2] × 100 = 0.5 %
Note that solar to hydrogen production efficiency for this self-driven CM-n-TiO2 /
CM-p-WO3 PEC is low (0.5 %) because the rate determining photoelectrode is CM-pWO3 which produced photocurrent an order of magnintude lower than that at CM-n-TiO2.
However, CM-n-TiO2 supplied the required photovoltage and photocurrent density to
make this PEC self driven.
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4. SUMMARY
4.1 CM-n-TiO2
It is essential to optimize the temperature and the time of thermal flame oxidation
process to synthesize CM-n-TiO2 films of best photoresponse having highest
photoconversion efficiency.
Multiple absorption-reflection of light, multi-electron excitation by a single high
energy photon due to presence of mid-gap band, and local photon concentration by
temporarily trapped oxygen gas bubbles acting as as mirrors that can concentrate the
incident light on the electrode surface by multiple reflection and augment the
photoresponse for water splitting.
It is essential to optimize the temperature and the time of thermal flame oxidation
of Fe metal sheet to synthesize CM-n-Fe2O3, films of best photoresponse having highest
photoconversion efficiency.
The surface grooving increased the surface area of the CM-n-TiO2: consequently
more visible light was absorbed and higher photocurrent density and photoconversion
efficiency were obtained.
A spray pyrolysis process increased the thickness of the CM-n-TiO2:
consequently more visible light was absorbed and higher photocurrent density and
photoconversion efficiency were obtained.
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A correlation was found between the atom % of carbon and the amount of visible
light absorption and the consequent higher total photoconversion efficiency.

4.2 CM-n-Fe2O3
Carbon modification occurred during the fabrication process of CM-n-Fe2O3 by
thermal oxidation process.
Carbon modification was found to be responsible for lowering the band gap
energy of CM-n-Fe2O3 and helped to enhance the absorption of light in the visible region
and accordingly high photocatalytic activity for water splitting.

4.3 CM-p-WO3
Tt is essential to optimize both the temperature and the time of thermal oxidation
process of W metal sheet to synthesize CM-p-WO3.
Carbon modified tungsten oxide photoelectrodes synthesized by thermal oxidation
of W metal sheets exhibited p-type photoresponse which could be due to carbon
modification of tungsten oxide.
The incorporation of carbon in WO3 occurred during the thermal oxidation
process of W metal. This carbon modification was found to responsible for lowering the
band gap energy of CM-p-WO3 and helped to enhance the absorption of light in the
visible region and accordingly high photocatalytic activity for water splitting.
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4.4 Self-Driven Photoelectrochemical Cells (PECs) for Water Splitting
The results of from this study demonstrate that visible light active CM-n-TiO2 is
capable of photosplitting of water efficiently in the absence of external potential under
illumination of solar simulated light when it is coupled with a suitable p-type
photoelectrode such as p-GaInP2 and CM-p-WO3.
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