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Abstract

The depletion of fossil resources and environmental constraints have made the
production of energy from renewable sources a pressing demand. Among these, utilizing solar
light to generate chemical energy stands out as a highly viable green energy solution to meet
the energy needs of our present-day civilization. Solar energy is an inexhaustible and renewable
source, with an estimated 0.015% of the solar energy reaching earth being sufficient to meet
our total energy demand - equivalent to 130 million 500 MW power plants. This makes it a
highly attractive and sustainable option. While direct conversion of solar energy into electricity
using photovoltaic cells is a popular technology, it faces challenges in terms of storing and
distributing electricity over long distances. Consequently, immediate use after production or
conversion to chemical energy, like hydrogen, becomes necessary. Converting solar energy to
chemical energy, specifically hydrogen fuel, emerges as an appealing choice due to hydrogen's
high gravimetric energy density and environmentally friendly nature. Presently, hydrogen
production still relies heavily on fossil fuels, resulting in CO2 emissions and environmental
consequences. To reduce dependence on fossil fuels and produce clean hydrogen without
releasing CO: into the atmosphere, there is a growing need to explore renewable sources and
processes. Photocatalytic overall water splitting (POWS) is one such process that has garnered
significant attention. POWS utilizes renewable resources, such as solar energy, to drive the
production of hydrogen, making it a promising and sustainable solution for renewable

hydrogen production.

Herein, Titanium dioxide (TiO) thin films are prepared on glass substrates using sol-gel spin
coating method. Titanium tetraisopropoxide (TTIP) precursor is used to prepare TiO2 sol-gels
using ethanol as solvent. The acetyl acetone (AcAc) and Acetic acid (AA) are used as modifiers
and cetyltrimethylammonium bromide (CTAB) surfactant as pore-forming agent. A clear
transparent TiO2 sol-gel is obtained without precipitation only when both AA and AcAc are
present in the TiO2 sol. A worm-like structure is observed in the film at 0.1 M TTIP and
changed to the flake-like structure in the film at 0.4 M TTIP. The TiO thin films are non-
porous and porous when CTAB is below and above the concentration of 0.8 g per 0.01 mol
TTIP. The critical micelle concentration is found to exist between 0.6 to 0.8 g CTAB per 0.01
mol TTIP. The grazing Incidence X-ray diffraction and Raman analysis confirm the presence
of anatase phase in the 3 and 4 times coated TiO> thin films. The field emission scanning
electron microscopy analysis shows that a highly homogeneous and uniform thin film is
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obtained with TiO2 sol-gel composition of 0.2 M TTIP, 0.1 M AcAc, 0.09 M AA and 1 g of
CTAB per 0.01 mol TTIP. The photocatalytic activity of the TiO> films is determined by
investigating the photodegradation of methylene blue (MB) in aqueous solution. The TiO2 thin
film with 110.7 nm and 145.3 nm thickness showed 42.6 % and 58.4 % degradation of MB,

respectively, at 60 min of photocatalytic reaction under UV light irradiation.

As a next study, the visible light-active Pt/TiO photocatalyst thin films were prepared
by photo-depositing the Pt onto the sol-gel TiO2 spin-coated films. An optofluidic planar
microreactor was fabricated using the Pt/TiO> film coated glass substrate as bottom plate and
uncoated glass substrate containing planar reaction chamber as cover plate. The Pt/TiO> thin
films were tested for the photocatalytic water splitting activity in presence of methanol as
sacrificial agent to produce hydrogen under visible/solar light irradiation. The effect of catalyst
film thickness, reactant flowrate, light intensity and type of light source was studied on the rate
of hydrogen production. The Pt/TiO> film with thickness 1650+119 nm showed a highest rate
of 16.35 mmol h* g* (4.7 umol h* cm) hydrogen production at an optimum reactant flowrate
of 0.3 mL min under visible light (400 W metal halide lamp) irradiation. The stability study
carried out for 4 cycles of 5 h runs proved that the photocatalyst was stable and the film was
well adhered to the glass substrate. A hydrogen production rate of 0.766 mmol h'* g (0.22
umol h't em) and a solar to hydrogen conversion efficiency (STH) of 0.015% was obtained
under simulated solar light irradiation of ~100 mW cm intensity, proving the solar light
activity of Pt/TiO2 film.

Further, an optofluidic planar microreactor has been fabricated, with the photocatalyst
(IrO2/TiOy) film coated glass as a reactor plate and plain glass as a cover plate. A rectangular
region was completely etched on plain glass and used as a spacer between catalyst coated plate
and cover plates to create a planar microreaction compartment. The water splitting activity to
produce oxygen using sodium iodate as a sacrificial agent (electron acceptor) is tested in the
fabricated planar microreactor under visible light illumination (with 400 W metal halide lamp).
The effect of catalyst coating thickness and the reactant flowrate on the rate of oxygen
production is studied in detail. An oxygen evolution rate of 3.99 mmol h** g (1.84 umol h'
cm?) was observed from the IrO2/TiO, film of 3078 + 362 nm thickness at an optimal flow
rate of 0.3 mL min? in the presence of visible light. The stability study showed that the
IrO2/TiO> film was stable for at least 4 cycles, indicating the superior activity of the film firmly

adhered to the glass substrate.
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Finally, we report the successful development of a photocatalyst based on a single
semiconductor, TiO2, with Pt and IrO2 as cocatalysts for the overall water splitting under
visible/simulated light irradiation for the sustainable hydrogen production. The
2.51r0,/0.5Pt/Ti0. photocatalyst exhibited ideal POWS, producing hydrogen and oxygen from
pure water with a Ho/O; ratio of 1.96 under visible light irradiation, and a H2/O; ratio of 1.82
under simulated solar light (SSL). The rate of hydrogen and oxygen production were 9.73 and
5.32 umol g* h, respectively, under SSL with intensity 101.4 mW cm™. The photocatalyst
showed long term stability with the POWS activity for 10 h of continuous operation. The
accumulation of the generated gas on the catalyst surface and catalyst aggregation were found

to be the major reasons for the decrease in the photoactivity after 10 h.

The findings of this work contributes to further the research in renewable energy and
photocatalysis. The knowledge gained from the study can be utilized to optimize catalyst
properties, such as bandgap engineering, for improved photocatalytic activity. Furthermore,
this research provides insights for scaling up the photocatalytic water splitting process, aiding
in the development of large-scale hydrogen production. The work also encourages the
exploration of integrated systems that combine renewable energy sources, catalysts, and reactor
technologies. Overall, this study could serve as a valuable basis for further research in the area

of sustainable energy production.

Keywords: Titanium dioxide thin film; Sol-gel spin coating; Platinum and Iridium oxide
cocatalysts; Photodeposition; Optofluidic planar microreactor; Hydrogen evolution; Oxygen
evolution; Photocatalytic overall water splitting; Methylene blue degradation; Photocatalysis;
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1.1 Introduction

The energy production from the renewable resources is a pressing demand due to
depletion of fossil resources and the environmental constraints. Solar light utilization in the
form of chemical energy is considered as the most viable green energy route to meet the present
day energy requirements for the human civilization because sunlight is inexhaustible and
renewable energy source.! It is estimated that ~0.015% of solar energy reaching the earth (at
any one instant equal to 130 million 500 MW power plants) is enough to meet the total energy
demand, making it a viable renewable resource.>* Direct conversion of solar energy into
electricity through photovoltaic (solar) cells is a popular technology.® However, it is difficult
to store and/or distribute electricity over long distances rather it must be used immediately after
the production or be converted to chemical energy (to hydrogen, for example).® In this context,
the direct conversion of solar energy to chemical energy such as hydrogen fuel is an attractive
choice.>’=® Hydrogen is a promising renewable energy carrier because of its high gravimetric
energy density and non-polluting nature.’® However, much of its production is still based on
fossil fuels, burning of which causes environmental effects due to CO2 emissions. Therefore,
to reduce the dependence on fossil fuels for hydrogen production, there is a need to look for
renewable sources and processes from which clean hydrogen can be produced without
releasing any CO; into the atmosphere.!! In this context, the photocatalytic overall water
splitting (POWS) is gaining significant attention as a renewable process for the hydrogen

production because it utilizes renewable resources such as solar energy.*?
1.2 Photocatalytic overall water splitting (POWS)

Photocatalytic overall water splitting (POWS), wherein both hydrogen evolution (HER)
and oxygen evolution (OER) reactions occur at the same time, is a practical and industrially
scalable process since it avoids the usage of consumption of high cost sacrificial agents such

as methanol, ethanol etc.®

POWS utilizes the solar energy to drive the redox reactions i.e., HER and OER simultaneously
to produce Hz and Oz from pure water with zero carbon emissions.’**> During the water
splitting process, photocatalyst absorbs solar energy and generates photocarriers, i.e., electron-
hole pairs. These photocarriers migrate to the surface of the photocatalyst and participate in
water redox (reduction and oxidation) reactions to produce Hz and O2.1® A photocatalyst
material with appropriate bandgap energy, band edge potentials, visible light response, and
high charge separation efficiency is required to drive these redox reactions during POWS.Y
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Among the HER and OER, the OER is a sluggish (rate limiting) reaction in the POWS because
of the four-electron transfer process coupled with the removal of four protons from H.O to
form O,.18 Therefore, developing a photocatalyst material based on a single semiconductor that
can be employed for the POWS without using sacrificial agents has still remained a challenging
task.'®?° Figure 1.1 shows the schematic diagram of the POWS process under visible light

irradiation.

The mechanism of the photocatalytic overall water splitting is shown in Figure 1.1

2
| Visible light
H+
-1 — hv>E, e e_%.
~ H,
Il — .
= H/H,=-0.41 eV
(="
= 0 |—
P
Z |
= H,0/0,=+0.82 eV
B 1
> H,0
= — VB Bt ——
0,+ 41+
2 I
3 I

Figure 1.1: Schematic energy diagram of photocatalytic overall water splitting reaction over a

single semiconductor photocatalyst with HER and OER cocatalysts

The steps involved in POWS reaction is as follow:

Excitation: Photocatalyst Solarlght, e h* L (1.1)
B B OER cocatalyst

Water oxidation: H,O + 2h* ——>»  2H" +0502 ......... (1.2)
) HER cocatalyst

Water reduction: 2H* + 20 ——— Ho (1.3)

POWS: H0+hv —— H>+0.50, AGo=237.13kJmol? ... (1.4)

Upon absorbing the visible light by the photocatalyst, the electrons are excited from the valence
band (VB) to conduction band (CB) of semiconductor, leaving behind vacant holes in the VB
(Eg. 1.1). The OER cocatalyst captures the holes and facilitates the water (H-O) oxidation to
produce O and protons (Eg. 1.2).
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While, the HER cocatalyst on the photocatalyst surface captures the electrons and facilitates
the H* reduction to produce H> (Eq. 1.3). The redox capability of the photocatalyst is
determined by the band edge potentials of the valence band (VB) and conduction band (CB).*®
The CB should be more negative than the HoO/H™ reduction potential and the VB should be
more positive than the H>O/OH" oxidation potential for the HER and OER to occur
simultaneously, resulting in the POWS (Eq. 1.4).2* Apart from constructing an effective and
stable photocatalyst for POWS, there are other challenges that need attention to achieve POWS
efficiency.?

Recent literature on the POWS is presented in Table 1.1. Different types of photocatalyst
configurations have been employed for the POWS to produce H, and O, from pure water. For
example, Wenlong et al.??, developed a novel Z-scheme heterojunction, composed of a
phosphatized p-type gallium indium zinc oxynitride (GIZON-P) and a n-type g-C3zN4 (CN),
with Rh as cocatalyst, for the photocatalytic pure water splitting. They reported a photocatalytic
Hzand O generation rates of 1340 and 643 umol h'glover the GIZON-P/CN
heterojunction, with the corresponding AQY 12.6% at 430 nm. Fang et al.?®, reported
anatase/rutile TiO2/g-CaN4 (A/R/CN) multi-heterostructure with 2.0 wt.% Pt nanoparticles as
a photocatalyst for overall water splitting. They reported a rate of Hz evolution of 374.2 pmol
g ! h? over the optimal A/R/CN photocatalyst, which is about 8 and 4 times that of pure g-
CsNs and P25. Yuan et al.?*, prepared a hybrid Pt/CuO; x/TiO2 catalyst via an in situ
photodeposition method. They reported that the prepared Pt/CuO1-«/TiO2 showed enhanced
photocatalytic activity and stability in the water-splitting reaction as compared to Pt/TiO. This
enhancement was due to the dual role of CuO1x in improving the efficiency of the Pt cocatalyst
for hydrogen generation and in abating the back reaction of the photocatalytic overall water-
splitting reaction.

1.3 Photocatalytic water splitting (PWS) half reactions

Due to difficulties in achieving higher POWS efficiencies, the photocatalytic water
splitting (PWS) half reactions such as the only HER, and only OER are often conducted in
presence of sacrificial reagents (SRs) such as methanol (electron donor), and sodium iodate
(electron acceptor) thus resulting in the significant HER and OER activities, respectively.®
However, these processes are expensive as additional sacrificial agents are needed. Moreover,
the presence of sacrificial agents may release by-products that are harmful to the environment.
Figure 1.2 and Figure 1.3 shows the schematic diagrams of the PWS process under visible light

irradiation for the hydrogen and oxygen production, respectively.
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Table 1.1: Recent literature review on the photocatalytic overall water splitting

Photocatalyst Cocatalyst | Catalyst Reactant Light Reactor H: rate O rate AQY (%) | STH | Stability | Year | Ref
amount (umol h* g1) | (umol h'* g1) (%)
GIZON-P/ g- . 300 W Xe lamp | 50 ML quartz cell 12.6% at 5 cycles »
CaNa 1 wt.% Rh 30 mg 40 mL H20 (full band) 1340 643 430 nm - of3h 2022
Anatase/rutil Pyrex glass 0.71% at 4 cycles
ralaseiu’® | 2wt%Pt | 10mg | 100mLH.O | LabSolar 6 A reaction tank 374.2 187.1 Fea B of3h | 2020 | =
TiO2/g-C3Ns4 400 nm
300 W xenon CEL-SPH2N, 4 cycles
Pt/CuO1-x/TiO2 - 20 mg 200 mL H20 | light with China 220 110 - 0.25 of2h 2018 2
AML.5 filter
300 W Xeon Pyrex top-
0 0,
Pt-Co/g-C3Na 3 wt.% Pt & 200mg | 100 mL H2O | lamp (1> 420 irradiation reaction 6 3 0.3%at - 15cycles | 2016 | 26
1 wt.% Co 405 nm
nm) vessel of 25 h
20 mg visible light 50 mL 1.91% at - 15 cycles
Co0/g-C3N4 - 20mL H20 | source (A > 400 photoreactor vial 50.2 27.8 420 nm of5h 2018 2
nm)
TiO2 300 W Xenon 1.91% at 4 cycles
Nanodots/g- 3 wt.% Pt 10 mg 25mLH20 | lamp (A > 300 Three-necked flask 328.58 164.78 420 r?m - of4h 2022 19
CsN4 nm)
MnOx/g- 300W Xe arc Pyrex glass 350 at 6 cycles
C3N4/CdS/Pt - 50 mg 100 mL H20 | lamp (A > 400 photoreactor 1303.39 641.60 420 onm - of4h 2021 28
core-shell nm)
Co3(POa)2/g- ) Xenon lamp (A | glass photoreactor 177.4 1.32% at 4 cycles 2
CaNs somg | '00MLHO 00 nm) 3756 420 nm ofah | 2020
2D/2D 300 W Xe arc glass photoreactor 3 cycles
- . - 10 mg 100 mL H20 | lamp with AM- 25 125 - of8h 2021 | %
BiVO4/TisCz 15 filter
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The mechanism of the photocatalytic water splitting half reaction: HER is shown in Figure 1.2

=2 Visible light

e
CB [ ——
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§ ,f onor CH,OH/CO,=+0.38 eV
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% CO,+ GH" + 6e

@

-
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Figure 1.2: Schematic energy diagram of photocatalytic water splitting half reaction: HER
over a single semiconductor photocatalyst with HER cocatalyst

The HER cocatalyst on the photocatalyst surface act as trap centers for the photo-generated CB
electrons. The protons (H") are reduced (eq. 1.3) with the electrons accumulated on the HE
cocatalyst particles to produce H2. Whereas, the holes accumulated at the photocatalyst VB
reacts with the electron donor (methanol) and water to produce oxidation products such as CO>
and Hz (Eg. 1.5).

Methanol oxidation®"32: CHsOH + HO +3h* ——— CO.+6H" +6e ......... (1.5)

In this route, the electron donor scavenges the photogenerated holes, eliminates the O
production (Eq. 1.2) and eliminates the backward reaction of Hz and O (reverse reaction of
POWS).23 This way, both, HER cocatalyst and methanol, helps in increasing the Hz production

rates.3*

The isotopic labeling studies shows that the Hz production is mainly by the reduction of protons
(H") originated from water.®® The role of methanol as SR is in inhibiting the electron/hole

recombination and backward reaction to form H,O resulting in higher H, production.®

A recent literature on the photocatalytic hydrogen evolution from water splitting is presented
in Table 1.2. Various sacrificial agents (electron donors) have been employed to produce H>
from PWS using different photocatalysts. For example, Zheng et al.*’, studied the performance

of dye sensitized Pt/TiO.-composite photocatalysts for HER. The photocatalyst and ascorbic
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Table 1.2: Recent literature review on the photocatalytic hydrogen evolution from water splitting

Photocatalyst (Co)catalyst Catalyst Sacrificial agent Light Reactor Ha, AQY STH Stability Year Ref
method amount mmol gt h; (%) (%)
aumol ht
Dye-sensitized . 55 mM ascorbic | Xe lamp (> | Photoreactor - - .
PYTIO, Photodeposition 3mg acid in H.0 420 nm) 541 ) 2023
piezoelectric top-radiation
10 mg transducer as reactor
7.45 wt.% sono-photo- . .
PYTiIOz-x thermo- 2 mL glycerol in | an acoustic 205 04 ) 0.89 | 4cycles 2022 38
USPG treatment 10 mL H.0 source and a of 3h
300 W Xe
lamp
0.5 wt.% 160 methanol in 300 W xenon airtight - -
Pt/TiO: Photodeposition 50 mg 40%11LH 0 light (500 reactor 20.38 - 2022 3
PC-TC 2 mW/cm2)
CEL-HXF CEL-SPH2N 11.92% -
- hard-template 35mg 20 mL methanol + | 300 Xe lamp photocatalytic J 4 cycles 0
NC/PUTIO: method 80 mL H20 (L=300-400 | instrument 2 atn?f of10h 2022
nm); UV light
Defective 30 mg 50 vol.% 20 mL vial - 91%
PUTiO2 x (E:rr]ysi:]a;el;ancet methanol in ?7? g 1(; 0 IEITI? 18.75 - activity in 2022 4
Nanorods 9 9 15 mL H20 2" cycle
300 W Xenon - -
0,
0.1 wt.% Flame spray 100mg | 20mLmethanol+ . 0 >300 | 250 mL quartz 5.5 - 2021 a2
PY/TIiO2 pyrolysis 80 mL H20
nm) glass reactor
2 wt.% Pt/TiO2 . 20 mL ethanol + 350 W Xe arc Pyrex glass ) - - 4
nanosheets Photodeposition 20 mg 60 mL H20 lamp, UV photoreactor 16.67 2010
. 20 vol.% 400W Xe arc Fused silica - -
0,
Obf:Nv(\j/te:o PUTIO: . 100 mg methanol in lamp, 200 to cylindrical 1.2 - 2007 44
P Photodeposition 50 mL H20 1000 vessel
EUTlOz thin radio-frequency 50 vol.% 500 W Xe arc quartz cell 1.206 at - - N
film magnetron L5 pm methanol in H20 lamp, > 420 0.046° 420 nm 2007
(21 mg/cm? Pt) sputtering thickness 2 P,
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acid aqueous solution was added into a photoreactor and illuminated under xenon lamp. In the
reaction process, the ascorbic acid plays a role as the sacrificial reagent, which consumes the
photogenerated holes and thus inhibit the recombination of photogenerated electron-hole pairs.
Therefore, ascorbic acid in the whole reaction is consumed continuously and lead to a pH
increase. They reported that the Pt/TiO> composite sensitized with Chl-a type dye showed the
best photocatalytic HER performance with a H, evolution of 5.4 mmol g h. Rong et al.®,
studied the thermally-enhanced sono-photocatalysis by defect and facet modulation of Pt-TiO-
catalyst for high-efficient hydrogen evolution. The Pt species loaded defect-rich TiO2 (Pt-TiO2-
x) catalyst was synthesized by facile in situ sono-photo-thermo-treatment. Glycerol was used
as sacrificial reagent due to its high boiling point and renewable properties. They reported a
hydrogen evolution rate of 225 mmol g~ h™ with the light-to-hydrogen efficiency of 0.89%.
Masaaki et al.*, synthesized visible light-responsive TiO2 thin films (Vis-TiO) by a radio-
frequency magnetron sputtering method and tested the efficiency of the Pt-loaded Vis-
TiO2 thin films for the photocatalytic splitting of water in presence of methanol. They reported

an Hz production rate of 0.046 umol g~* and an apparent quantum yield of 1.2% at 420 nm.

The mechanism of the photocatalytic water splitting half reaction: OER is shown in Figure 1.3

-~
2
i .
Visible light
- = H*/H,=-0.41 eV
Il _ € acceptor
m 0 hv > Eg CB € —
= — y
= I +H,0
. - I0/I = +0.67 eV
)
Z
=21 H,0/0,=+0.82 eV
=)
Z
g' l—
e H,0
2 |— _
v8 ht——
0,
3 |—

Figure 1.3: Schematic energy diagram of photocatalytic water splitting half reaction: OER

over a single semiconductor photocatalyst with OER cocatalyst
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The OER cocatalyst sites on the photocatalyst surface act as trap centers for the vacant holes
at VVB. The captured holes participate in the water oxidation to form oxygen and protons (H")
on the OER co-catalyst surface (Eq. 1.2). The excited electrons along with H* ions participate
in the electron acceptor (sodium iodate) reduction (Eqg. 1.6).

lodate reduction®®#”: 103"+ 6H" + 66 ———» 1"+3H0 ......... (1.6)

This way, both, OER cocatalyst and electron acceptor, helps in increasing the O production
rates. Similar to electron donor, the role of electron acceptor as SR is to inhibit the electron/hole
recombination and backward reaction to form H»O resulting in higher O2 production.

Recent literature on the photocatalytic oxygen evolution from water splitting is presented in
Table 1.3. Jasmin et al.*®, prepared Mn, Co, and Fe-based co-catalysts immobilized on TiO;
nanoparticles (NPs) by wet impregnation route and systematically investigated their prospects
in photocatalytic water splitting reactions for OER with AgNOs (0.1 M) as electron acceptor.
They reported that the CoOx-TiO2 exhibited the highest oxygen evolution rate of 34.3 mmol g
1 'hl, Masaaki et al.*®, tested Pt-loaded visible light-responsive TiO; thin films (Pt/Vis-TiOy),
prepared by radio-frequency magnetron sputtering method for the photocatalytic oxygen
evolution in presence of AgNOs as sacrificial agent. They reported an O production rate of
0.277 pmol g~* with an apparent quantum yield of 2.43% at 420 nm. However, utilizing AgNO3
as sacrificial agent greatly reduces the activity for photocatalytic oxygen evolution with time
because of the photodeposition of metallic Ag from the sacrificial agent on the photocatalyst
surface thereby blocking the incident light absorption.*

1.4 Titanium dioxide photocatalyst: Powder vs thin film for photocatalytic applications
Titanium dioxide (TiO2), a well-studied semiconductor, found its uses as a catalyst
support material and in photocatalytic reactions because of the advantages such as low cost,
non-toxicity, resistance to photo-induced corrosion and ease of handling.>® The TiO2 exists as
anatase, rutile, and brookite phases among which anatase TiO> reported to be more efficient
photocatalyst because of the lower recombination rate and longer lifetime of the photo-
generated electrons and holes over this phase.’® The TiO, nano-powders are generally
employed as suspensions in the aqueous phase. Their practical use is limited due to the
separation issue during the purification stage. This issue can be eliminated by immobilizing the
nanoparticles on a steady substrate. This has attracted a large scientific interest in the
development of immobilized TiO> thin films. The thin films show good electrochemical and

photocatalytic properties for photocatalysis applications.®?
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Table 1.3: Recent literature review on the photocatalytic oxygen evolution from water splitting

Photocatalyst (Co)catalyst Catalyst Sacrificial agent Light Reactor Oz, AQY Stability Year Ref
method amount pumol gt h't; (%)
aumol ht
. high-pressure 20 mM AgNOsin | 300 Xe lamp | Photoreactor ) - 53
TIZINDTaWO2 | 4 ion method 30 mg 30 mL H.0 (A> 420 nm) L/ 2022
homogeneous . Pyrex glass -
. A 0.05 M AgNOs in | 300 Xe lamp
- 100 m reactor kL 54
BiVO4 NPs co-precipitation g 100 mL H.0 (0> 420 nm) 141.6 2008
process
. solid-state 0.05 M AgNOz in | 300 Xe lamp | duartz cuvette 539%at | Scycles o
Y2TizeRhooeOr reactions 100mg | 20 ML H,0 (> 420 nm) cell & 400nm | ©f20h 2014
ultrasonic 10mg AgNOs in T [F photoreactor i 56
AgsPO4/MoS: treatment 300 mg 100 mL H,0 visible light 20.1 ) 2018
) - . 100 mg . 300 W Xe Pyrex top- 0.01 % -
Mo-doped liquid-solid 10mM AgNOs in | 1o (510<2 | irradiation 4.9 at 430 2021 57
BiVO4 state reaction 100 mL H20
< 600 nm) reactor nm
5mM 4 LEDs slurry glass- 0.6 % at -
TiO2-700 sol-gel method 120 mg Fe(NO3)3-9H20 in | system (Amax | immersion 537 3'8 " :]m 2021 58
120 mL H20O =384 nm reactor
Fe304/SiO2/TiO [ 100mg AgNOs in | blue LED Pyrex glass . 3 cycles 59
2-CoPcS co-precipitation | 155 g | 100 mL H,0 visible light cell 060 2023
. - top -
CoOx-TiO2 _wet _ 1mg 0.1 M AgNOsin 2 I__ED lamp (A illumination 34420 ) 2019 3
powder impregnation mL H20 =365nm
closed reactor
PY/TiO2 thin radio-frequency - quartz cell 2.43% -
film magnetron 1.5 um %?ri t';/'if]'h’ecr) fa(’rg W)ﬁezgrc 0.2772 at 420 2007 4
(21 mg/cm? Pt) sputtering thickness 2 P, nm
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Similarly, various other catalyst materials can be prepared in the form of thin films. The
materials in the form of thin films can be employed for different photocatalytic applications
including environmental such as air and water treatment, and energy conversion such as solar

cells and water splitting for hydrogen production.5°6!

1.5 Preparation of thin films by Sol-gel spin coating

The photocatalytic activity of the TiO2 thin films depends on the textural properties such
as thickness, grain or particle size, pore size distribution and porosity of the films.> These
textural characteristics of the thin films depend on the sol properties such as sol reactivity,
viscosity, water-to-alkoxide ratio, precursor concentration, solvent type, chelating agent and
surfactant.%2%® The sol properties can be controlled by varying its composition. The spin-
coating of TiO2 sol-gel is a common deposition method used to coat TiOz thin films on the
glass substrates due to its low cost, easy handling and experimental simplicity.®* It is also very

well established, simple and cheaper method and gives uniform coating.

In the sol-gel method, hydrolysis of metal alkoxides occurs first followed by the
polycondensation of hydroxyl and/or alkoxy groups thus forming the oxide polymer network
of TiO, via Ti—O-Ti route.®® The hydrolysis and condensation reactions in the sol-gel process

are as shown below:
Ti(OPrY), + x(H,0) = Ti(OPT)4_x(OH)y + XPTIOH ..., 2.7)
2[Ti(0PrY),_,(OH),] = Ti(OPr"),_,(OH),_; — O — Ti(OPr),_,_,(OH), + Pr'OH........... (1.8)

where equation 1.7 represents hydrolysis of TTIP with water and equation 1.8 represents

condensation of hydrolyzed TTIP.

The faster hydrolysis of the TTIP with water results in the rapid precipitation of hydrolyzed
TTIP due to high reactivity, which in turn leads to non-homogeneity in the films. Therefore,
the hydrolysis rate needs to be controlled in order to avoid precipitation and to achieve sol-gels
with desired properties to obtain highly homogeneous TiOz thin films.%® The sol-gel spin
coating method can be employed to prepare several other catalyst thin films, i.e., CdS thin
films.%” Researchers have also used advanced coating methods such as physical vapor
deposition (including thermal evaporation, reactive sputtering, ion or electron beam
evaporation), chemical vapor deposition techniques, electrodeposition, electrophoresis and wet
chemical deposition methods (dip-coating and spray coating) for making the TiO2 thin films.®8-

© However, these methods are complex and require costly equipment.
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1.6 Photocatalytic applications using thin film form of catalysts

Of the various photocatalytic applications, the photocatalytic degradation of Methylene
blue (MB) is suggested as a standard by the international organization for standardization
(ISO), namely, “Determination of photocatalytic activity of surfaces in the aqueous medium
by degradation of methylene blue (10678:2010)” to assess the photocatalytic activity of thin
films.™* Therefore, the performance of the thin film-based catalyst can be tested by the photo-
degradation of MB. Of the other photocatalytic applications, photocatalytic water splitting is
gaining rapid attention since it is an environmentally friendly process as it involves only water,
solar light and catalyst materials to generate Hz and O,.”% Recently, the thin film photocatalyst
outperformed the powder form photocatalyst in water splitting.”® In the solar hydrogen
generation, the H production rate is higher using the thin film form as compared to that using
the powder form, with the same (amount of) catalyst in both the cases.”>"® This improved
activity of the thin film is attributed to enhanced solar light absorption, effective charge
separation and utilization, and enhanced mass transfer of reactants/sacrificial agents and photon
transfer because of high surface to volume ratio. Thus, proving the superiority of applying thin
film form over powder form of photocatalysts.

Several studies reported the preparation of TiO2 thin films by sol-gel method and their
performance tests by photocatalytic degradation of MB dye. Shilpa et al.”® studied the
degradation of methylene blue in aqueous solution under direct sun light using the carbon
quantum dots (CQD)/TiOz thin films. The CQD/TiO> film was synthesized using facile, and
low-temperature hydrothermal synthesis approach using CQD derived from sugarcane juice
and ethanol. They reported that CQD/TiO- thin films exhibited 82.6% MB degradation, with
good reusability, under the noon sunlight radiation. Dulian et al.”” studied the photocatalytic
MB degradation under UV light on the multilayer TiO2 coatings prepared by sol-gel dip coating
method. The TiO> coated glass substrates were dipped into the MB solution horizontally. The
authors reported that the reaction rate of MB degradation is strongly related to the thickness of
the layer, the number of layers and its morphology. The film with 1150 nm thick exhibited the
highest degradation rate. Komaraiah et al.”® studied the photocatalytic degradation of MB using
Fe doped TiOz thin films synthesized by the sol-gel spin coating technique under visible light
irradiance. The enhancement of photocatalytic activity with the doping of Fe was ascribed to
the high specific surface area, lower bandgap energy and expanded absorption of the visible
light. Table 1.4 shows the recent literature review on the use of TiO2 based photocatalysts for

standardized test of methylene blue degradation.
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Table 1.4: Recent literature review on the use of TiO2 based photocatalysts for standardized test of methylene blue degradation

Photocatalyst (Co)catalyst Catalyst Dye solution Light Reactor % Time | Stability Year | Ref
method Amount/ thickness degradation (min)
CQDs/TiO2 3mg L1 MB in . . 200 ml beaker 3 cycles 2
thin films hydrothermal ; 100 mL Hz0 direct sunlight 82.6 240 2023
TiOz-coated — Fo self-made 5 cycles
. tape casting/dip 1000 m 20mgL* MBin hotoreactor of 8h 79
PAN-glass flat coating g 10 mL H0 UV lamp p 98.5 480 2023
membrane
metal-organic photoreactor 5 runs
TiOz thin films | chemical vapor 203 nm 10 ppm MB sunlight 97.5 120 2023 g
. solution
deposition
Fes04/TiO2 _ :

P 3mgLTMBin . . 81
Thin Film hydrothermal - 100 mL H20 direct sunlight beaker 84 240 3 cycles 2023
ZnO-TiO2 . 100 W jacketed

multilayer thin sol-gel_ sPin - el “N.I b2 incandescent transparent vessel 50 180 - 2023 82

. coating solution e

films visible bulb
flowerlike 300 W Xenon photoreactor 5 runs

rutile-phase hyc:Tr](;ttugrdmal - 10,(\)/'1;];&{]; (I)) rI1) m lamp (300 42 300 2022 8
TiOz film 600 nm)
. sol-gel spin 3mgLtMBin 200W tungsten beaker - 78
Ti0z: Fe films coating 358 nm 25 mL H20 visible irradiation %6 240 2019
R, sol-gel/dip- mercury lamp (A photoreactor - 7
Thin TiO2 films coating 1150 nm 2.5 mM MB = 254 nm) 100 480 2019
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1.7 Visible light driven photocatalytic water splitting

Anatase TiO; usually has a bandgap energy of 3.2 eV, allowing it to absorb the photon
energy in the UV region only. However, the majority of the solar spectrum consists of 40-45%
photon energy in the visible region. Therefore, the visible light assisted photocatalytic process
is of great importance to convert a major part of the solar energy received on earth into
hydrogen energy.
Various strategies such as surface modification (e.g., cocatalyst loading), morphology control,
and heterojunction formation are extensively attempted in order to improve the visible light
absorption efficiency of the existing photocatalysts. Among them, the cocatalyst loading has
still been an effective method.®* The Pt and IrO; are very well-known cocatalysts for the HER
and OER because of their good activity and stability.3>% However, a semiconductor
photocatalyst is often required to utilize the Pt and IrO> cocatalysts because the platinum and
iridium are noble metals, expensive and rare.®” Therefore, doping Pt and IrO2 nanoparticles as
cocatalyst onto the wide bandgap semiconductor such as TiO- is a feasible choice for extending
absorption into visible light region, as well as acting as HER and OER cocatalysts.®8 Other than
modification of TiOz, exploration and development of novel semiconductor materials capable
of absorbing visible light is underway. For example, CdS, WO3, AgsPO4, BiVO4, and g-CzN4
are discovered to be some novel and efficient non-TiO, photocatalyst for visible light
photocatalysis.5®
The TiOz is still the most studied and well-established semiconductor for photocatalytic
applications. Different techniques such as metal doping (Pt, Ag, Au etc.,), non-metal doping
(N, C, S etc.,) and semiconductor doping to form heterojunction or Z-scheme (ZnO, CdS etc.,)
have been employed to make the TiO> visible active, as mentioned above. However, metal
doping is very efficient because of the enhanced photocarriers (electron-hole pairs) separation

and also shifting to visible light absorbance, thereby improving the photocatalytic activity.

1.8 Photocatalytic reactors: conventional batch reactor vs Optofluidic microreactor

Optofluidic technology, a synergy between optics and microfluidics, has been gaining
interest in recent times for testing the photocatalytic systems for various applications because
of the fine control of the interaction between light and fluid inside the microscale structures.®*
Optofluidic microdevice improves the process efficiency because of the large surface area to
volume ratio, compact size and enhanced mass and photon transfer.%% The shorter optical
length and diffusion times enable the uniform distribution of the irradiated light and

reactants/products on catalyst surface, which in turn enhances the rate of the photocatalytic
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reactions.®* The photocatalyst immobilized (as thin films of less than a few um thick) onto the
microreactor walls have higher illuminated specific surface area than conventional batch
reactors.® The self-refreshing nature of the catalyst surface inside the microreactor because of
the continuous reactant flow results in higher activity and longer photocatalyst durability.%®°7
The optofluidic devices have been tested for various photocatalytic applications such as water

101

treatment® %1% organic synthesis®, CO> reduction®* and water-splitting'%%1%,

Various optofluidic configurations such as microcapillary, single- and multi-channel, and
planar have been explored in the literature.®” The planar configuration is more efficient among
the four due to the large photon receiving area, and higher throughput. The former
characteristic helps in improving the quantum yield and the latter characteristic in the easy
scalability.1%%1%! Various studies compared the photocatalysis in planar and bulk reactors and
proved that the planar microreactors achieved higher reaction rates.*®% Optofluidic planar
microreactors are attaining considerable interest because of their easy scalability apart from the

advantages induced by microfluidics.

Reports on optofluidic microreactors for the photocatalytic water-splitting reaction are scarce
(Table 1.5). For the first time, Ahsan et al.!%, demonstrated 17103 redox-mediated water-
splitting in an optofluidic planar microreactor over the Pt/TiO> using UV light irradiation. The
planar reactor was fabricated using glass slides for catalyst plate and cover plate, with parafilm
in between to bond them together as well as to create the space for fluid movement. The authors
reported a two-fold increase in the reaction rate with changing the reaction conditions due to
enhancement of transport properties. Chen and group%>1% developed a planar reactor with SU-
8 micropillars (to create high surface area) on the Si substrate and with PDMS/glass as reaction
chamber as well as cover plate for water splitting. The reaction was carried out in presence of
I/103 redox-mediators and under UV light illumination and reported a higher reaction rate in

planar microreactor with micropillars as compared to that in flat planar microreactor.

A drawback of above studies is the use of change in 17103” redox-mediators’ concentration as
a measure of hydrogen production and also the use of UV light for illumination. If the 17/103
redox-mediators undergo side reactions during water splitting, then the rate of hydrogen
production may not be directly correlated to the 1/103” depleted. Moreover, due to the corrosive
and toxic nature of the I/1037, their presence especially at higher concentrations seriously
hinders the prospects of commercialization.'®® Usage of UV radiation as light source greatly

limits the utilization of solar power as it constitutes only 4% UV radiation.
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Table 1.5: Recent literature review on the optofluidic planar microreactors for different photocatalytic applications

TH-3266_186107109

Application | Photocatalyst | (Co)catalyst Coating Catalyst Feed Light Reactor performance AQY Stability Year | Ref
method method amount dimensions (%)
CO:z photo- airbrush 05M Reaction CHsOH — 7h
- . — : . 4 .
reduction _CUzO/MOZC/T phy_5|§:ally 2mg-cm KHCOs aqueous | visible (450 nm) mlcrc;chamber of 32.3 pmol g 064 continuous 2023 105
102 mixing - lem?and 75k | h operation
solution
EE2 dip- 0.1 T . > reactor volume - B0 % -
degradation | pgd-TiO, sol-gel coating | mg-cm? | %/ Mg ; solar simulator | 209 pL P 0.66 2023 | 106
aqueous solution degradation
MB 10.5 mg/c 300 W xe lamp area of 2cm X 20 % 10 runs of
: - g - 107
degradation | Ag/AgCI - m?3 10 mg/L solution (= 400 nm) 6.cm degradation 40h 2023
O6/CNT/TiO2 | hydrothermal P g - W 29 mg/L solution 20 W Xe lamp removal - ; 2022 108
h thickness - continuous
nanofibers efficiency -
operation
Rh6G TiO2 ) GLAD 450 nm . UV-light (310- volume = 45 uL. 90 % i - 100
degradation | nanohelix film technique | thickness U ! st 390 nm) degradation 2022
Water Photo- sol—gel 150 ug T . volume =45 puL 2.4%
splitting: Ho | PYTiO: chemical cm? 50 MgRRE F1-W mel Tl depleted - - 2015 | 104
g - solution UV lamp s
production reduction efficiency
Water Photo- sol—gel 150 ug . K volume = 45 pL. 1.1%
splitting: O2 | PUTIiO2 chemical cm2 80 uMriodate 50-W mercury depleted - - 2015 104
. - solutio UV lamp >
production reduction efficiency
Water sol—-gel - 3.75¢cm X 1.25 0.06% -
splitting: Hz | PUTIO: NaBH4 200 pM Nal Tl cm depleted - 2013 | 103
g reduction solution lamp >
production efficiency
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1.9 Knowledge gap and hypothesis

Although the TiO: thin films are widely used in the field of photocatalysis, the detailed
study of the effect of sol-gel composition on the surface morphology and topography of the
TiOz thin film to achieve uniform and well adhered catalyst coatings is scarce in the literature.
Once uniform and adherent TiO2-coated film on glass substrate is developed, optofluidic
microreactors can be constructed and be used for photocatalytic applications such as water
splitting for hydrogen production. Optofluidic planar microreactor is a novel photocatalytic
reactor which offers high reaction rates compared to that of conventional batch reactors because
of advantages such as large surface to volume ratio and enhanced mass and photon transfer
efficiency. To our knowledge, there are no literature studies available for the photocatalytic
water splitting in the optofluidic planar microreactor for the production of hydrogen and
oxygen in the presence of sacrificial agents, respectively, under visible light illumination.
Photocatalytic overall water splitting (POWS) to form both hydrogen and oxygen is attracting
considerable attention as a potential means of clean, renewable and large-scale energy
conversion process with no dependence on fossil fuels and carbon dioxide emissions. The OER
is a sluggish reaction in the POWS because of the four-electron transfer process coupled with
the removal of four protons from H20O to form O2. Developing an efficient and highly active
photocatalyst for OER is critical for successful implementation of POWS for large scale
practical applications. Therefore, it is still a challenge to successfully synthesize a single
semiconductor doped with metal cocatalysts to meet the required conduction and valence band
potentials for simultaneous HER and OER to occur resulting in POWS from pure water without

using any sacrificial agents.

1.10 Objectives of the work

The objectives of the thesis, deduced from knowledge gaps, are as follows:

» Preparation of uniform and adherent TiO: thin films on glass by sol-gel spin coating
method and photo-deposition of Pt and IrO. onto these films.

» Characterization of the synthesized photocatalyst films and powders using various
techniques such as X-ray diffraction, Ultraviolet-Visible spectroscopy,
Photoluminescence spectroscopy, Field emission transmission electron microscopy,
Field emission scanning electron microscopy, Energy dispersive X-ray spectroscopy,
and X-ray photoelectron spectroscopy.
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> Fabrication and testing of an optofluidic planar microreactors for the hydrogen and
oxygen production from the photocatalytic water splitting (PWS) over Pt/TiO;
(sacrificial reagent (SR): methanol) and IrO./TiO2 (SR: sodium iodate) thin films,
respectively, under visible/simulated solar light (SSL) irradiation.

> Synthesis of a TiO2 based photocatalyst using Pt and IrO- as cocatalysts and testing the
activity for the photocatalytic overall water splitting (POWS) under visible/SSL
irradiation using the particle suspension (batch) reactor without using any SR.

» Study of the effect of the various parameters such as photocatalyst film thickness,
reactant flowrate, catalyst loading, cocatalyst loading, stirring speed, solar light

intensity, and long-term stability test on the rate of hydrogen and oxygen production.

1.11 Organization of the thesis

The following chapters of the thesis document on development of TiO, based photocatalysts

for the photocatalytic water splitting reactions using the planar microreactor and batch reactor.

Chapter 1: Background of the work and research objectives

This chapter introduces the problem, includes literature survey and outlines the research

objectives. A glimpse of this chapter is outlined at the beginning of this report.
Chapter 2: Materials and methods

This chapter describes the procedures for the preparation of TiO> based photocatalysts and
testing these catalysts for the production of hydrogen and oxygen from the photocatalytic water
splitting in the planar microreactor and batch reactor. The analytical procedures for catalysts
characterizations and product analyses are also detailed.

Physicochemical properties of TiO2 catalysts were determined by various technigues including
X-ray diffraction (XRD), Raman spectroscopy, UV-Visible (UV-Vis) spectroscopy,
Photoluminescence (PL) spectroscopy, field emission transmission electron microscopy
(FETEM), field emission scanning electron microscopy (FESEM), Electron dispersive X-ray
(EDX) spectroscopy and X-ray photoelectron spectroscopy (XPS). The identification of
reaction products was carried out using gas chromatography (GC).

For the preparation of TiO> thin films, TiO sol-gels with varying concentrations of reagents

were prepared. These sols were spin coated on the glass substrate and film structures were
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characterized. The obtained uniform films were tested for the photo activity by methylene blue
degradation.

The planar microreactors were fabricated using Pt/TiO, and IrO2/TiO2 films which were
prepared by the photo-deposition method. The photocatalytic water splitting (PWS) reactions
were conducted using the fabricated planar reactors. For the photocatalytic overall water
splitting (POWS), IrO2/Pt/TiO2 photocatalysts were synthesized and characterized using
various techniques. The catalyst performance tests were conducted using the batch reactor. The
generated products (hydrogen and oxygen) were quantified using GC.

Chapter 3: Surface and photocatalytic properties of TiO2 thin films prepared by non-

aqueous surfactant assisted sol-gel method

In this chapter, the titanium dioxide (TiO2) thin films are prepared on glass substrates using
sol-gel spin coating method. The photocatalytic activity of the TiO> films is determined by
investigating the photodegradation of methylene blue (MB) in aqueous solution. The TiO2 thin
films with 3 and 4 coatings showed 42.6 % and 58.4 % degradation of MB, respectively, in
60 min of photocatalytic reaction under UV light irradiation.

Chapter 4: Green hydrogen production in an optofluidic planar microreactor via

photocatalytic water splitting under visible/simulated sun light irradiation

In this chapter, the visible light-active Pt/TiO2 photocatalyst thin films were prepared by photo-
depositing the Pt onto the sol-gel TiO> spin-coated films. An optofluidic planar microreactor
was fabricated using the Pt/TiO> film coated glass substrate as bottom plate and uncoated glass
substrate containing planar reaction chamber as cover plate. The Pt/TiOz thin films were tested
for the photocatalytic water splitting activity in presence of methanol as sacrificial agent to
produce hydrogen under visible/SSL irradiation. The Pt/TiOz film with thickness of 1650119
nm showed a highest rate of 16.35 mmol h* g (4.7 pmol h** cm™) hydrogen production at an
optimum reactant flowrate of 0.3 mL min under visible light (400 W metal halide lamp)

irradiation.

Chapter 5: Visible light active IrO2/TiOz2 films for oxygen evolution from photocatalytic

water splitting in an optofluidic planar microreactor

In this chapter, an optofluidic planar microreactor was fabricated with the photocatalyst
(IrO2/TiO2) film coated glass as a reactor plate and plain glass as a cover plate. The water
splitting activity to produce oxygen using sodium iodate as a sacrificial agent (electron
acceptor) was tested in the fabricated planar microreactor under visible light illumination (with
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400 W metal halide lamp). An oxygen evolution rate of 3.99 mmol h* g* (1.84 umol h* cm?)
was observed over the IrO2/TiO> film of 3078 £ 362 nm thickness at an optimal flow rate of

0.3 mL min't in the presence of visible light.

Chapter 6: Green hydrogen and oxygen production over IrO2/Pt/TiO2 via photocatalytic

overall water splitting under visible light illumination

In this chapter, a photocatalyst was developed based on a single semiconductor (TiO2) by
employing Pt and IrO> as cocatalysts that showed activity for the photocatalytic overall water
splitting under visible/SSL irradiation. The rate of hydrogen and oxygen production were 9.73
and 5.32 umol g h't under the SSL intensity of 101.4 mW cm over the 2.51r02/0.5Pt/TiO>
photocatalyst, resulting in the Ho/O; ratio of 1.82.

Chapter 7: Thesis conclusions and recommendations of future scope of work

This chapter summarizes the significant findings based on the investigations in the overall
work. Furthermore, the recommendations for future work were added along with a few

limitations observed in the thesis work.
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2.1

Materials and reagents

All the materials were used as obtained without any further purification. The materials

used in this research work are summarized in Table 2.1. The distilled water used in all the

experiments was obtained from the Millipore unit (Model: Elix 3, Make: Millipore, USA),

present in the analytical lab of the Department of Chemical Engineering, IIT Guwahati.

Table 2.1: List of chemicals/reagents and materials used for the photocatalysts synthesis and

testing
S. i . code Purity | Make & | Role
NGO Reagents/Chemicals/Materials (%) Origin
1| Titanium (1) isopropoxide TTIP 05 Alfa Aesar, | TiO2 precursor
England
2 | glacial Acetic Acid AA 99 Hlmedla, Acid catalyst
India
ACA ——
3 | Acetyl acetone CAC . Me_rck, Stabilizing
India agent
4 | absolute Ethanol AR - 99.9 Me.rck, Solgent
India
5 Cetyltrimethylammonium CTAB ) Himedia, Surfactant
Bromide India
- HF imedi I hi
6 | Hydrofluoric acid 40; 48 H|med|a, Glass etching
India
MB Loba For TiO2 film
7 | Methylene blue - chemie, activity
India
K2PtCly Sigma Platinum
8 | Potassium tetrachloroplatinate 99.9 Aldrich, precursor
us
9 | Sodium citrate ) - HiMedia, | Ligand
India
. . NazlrCls.6 Sigma Iridium
10 Sodium hexachloroiridate (IV) H,0 99.9 Aldrich. precursor
hexahydrate
uUsS
. H20> Himedia, Chemical
11 | Hydrogen peroxide 50 india oxidizer
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12 | Sodium lodate NalOs . Himedia, | Electron

India acceptor
13 | Methanol CH30OH ) Hlmedla, Hole
India scavenger
microscope glass slides: Microlife; | Microreactor
14 | 76 mm x 25 mm x 1 mm,; 76 MGS - TedPella fabrication

mm X 52 mm x 1 mm

- NOA 81, | bonding

15 | UV curable glue - Ed”.‘“”d
Optics,
India
16 | self-adhesive tape ) - Rayan | Glass mask
plast, India
17 PTFE tube: | - ] Merck, Reactor
1/16” O.D. x 1/32” 1.D. India inlet/outlet
- Sigma Catalyst
18 | Titanium dioxide, anatase 99.7 Aldrich, support
England
19 100 mL borosilicate glass | - y JSGW, Batch reactor
volumetric flask India
- JSGW, To use with
20 Rubber Suba Seal Stopper, ) India volumetric

OD 15 mm flask

21 | Silicon grease i ) HiMedia, |To use on
’ India rubber stopper

2.2 Methodology
2.2.1  Photocatalysts synthesis and coating (TiO2, Pt/TiO2, IrO2/TiO2 and IrO2/Pt/TiO5)

2.2.1.1 TiOz sol-gel preparation

First, TiO2 sol was prepared by taking ethanol in a glass beaker and AA, AcAc, TTIP
and finally CTAB were added slowly and sequentially, under vigorous stirring. This sequential
addition helped in achieving clear TiO sol without any precipitation. Then, the prepared sol
was kept under stirring at 600 rpm for 20 h. Finally, a clear transparent yellowish TiO2 sol-gel
was obtained after ageing for 24 h. The total weight of the solution, in all the experiments, was
maintained constant (4 g). The amounts of each reagent used in sol-gel preparation are

presented in Table 2.2.
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Table 2.2: The composition of sol-gel

S. Nominal Composition Sample name
No.
TTIP,M (9) | AcAc,M (9) | AA M (g) CTAB,
0/0.01mole
TTIP (9)
1 0.2 (0.28) 0.1 (0.05) 0.09 (0.03) 1.0 (0.2) Tio.2ACAC.1AA00CTAB:
2 0.2 (0.28) 0.1 (0.05) 0 1.0 (0.2) Tio.2ACACHL.1CTAB:
3 0.2 (0.28) 0 0.09 (0.03) 1.0 (0.2) Tio2AA00sCTAB:
4 0.2 (0.28) 0.1 (0.05) 0.09 (0.03) 0 Tio.2ACAC.1AA0.00

5 |0.1(0.14) |0.1(0.05) 0.09 (0.03) | 1.0 (0.05) Tio1ACAC1AA.eCTAB;

6 |04(057) |0.1(0.05) 0.09 (0.03) | 1.0(0.2) TiosACACo1AAGeCTAB;

7 102(028) |0.1(0.05) 0.09 (0.03) | 0.6 (0.06) Ti02ACACo1AAGC TABOG

8 |02(028 |0.1(0.05) 0.09 (0.03) | 0.8 (0.08) Ti02ACAC1AAGC TABOS

9 |02(028) |0.1(0.05) 0.09 (0.03) | 1.2(0.12) Ti02ACACo1AAGC TAB:

10 |0.2(0.28) | 0.1(0.05) 0.09 (0.03) | 1.4 (0.14) Ti02ACACo1AAGC TAB: 4

2.2.1.2 TiO2 thin film preparation

Borosilicate microscopic glass slides were used as substrates to coat TiO films. Glass
slides were cleaned by sonication in acetone and in DI water for 30 min each. After sonication,
glass slides were kept for drying in a hot air oven at 110°C for 15 min. A few drops of the
precursor solution was deposited on to the clean glass substrates and spin coated by rotating it
on a spin coater (Model: SpinNXG-P1, Make: Apex Instruments, India) at 1000 rpm for 15 s.
Coated films were first dried at room temperature then at 110°C for 60 min and finally calcined
in a muffle furnace at 500°C for 2 h with temperature ramp rate of 2°C/min. This heat treatment
allowed the films to firmly adhere on the glass substrates. The effect of presence and change
in concentrations of AA, AcAc, TTIP and CTAB on the surface morphology and topography
of the formed thin films was studied.

The above spin coating procedure was repeated to make 2, 3, and 4 coatings and thereby to
increase the thickness of the films. Amount of TiO> deposited after three (3x) and four (4x)
coatings on the glass slides was determined by measuring the weights of glass slides before

and after coatings. Weights were found to be 0.4 mg and 0.5 mg for 3x and 4x coatings of TiOx.
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The thickness of the 3x and 4x films were found to be 110.7 nm and 145.3 nm, calculated using
the relation t = m/(d x A)*, where m is mass of the film deposited on glass in grams, A is surface
area of the film in cm?, and d is the density of the deposited material (density of anatase TiO2
= 3.9 g/cm®). The 3x- and 4x- TiO- films were tested for methylene blue degradation activity.
The multicoated (up to 24x) TiO> films were prepared using optimum sol-gel composition at

which uniform and adherent coatings were obtained.

2.2.1.3 Synthesis of IrO2 nanoparticle (NP) hydrosol

Synthesis of IrO2 NPs hydrosol was employed from the literature.? 84 mg of sodium
citrate was dissolved in 30 mL DI water under stirring. Then, 25 mg of sodium
hexachloroiridate (V) hexahydrate was dissolved in the above mixture and was heated at 90
°C for 4 h under stirring. After 4 h, the solution was cooled down to room temperature and
diluted to a final volume of 10 mL. A few drops of H.O, were added dropwise to the above
solution under stirring for 1 h. The H20> concentration was maintained at 2 vol.% in the final
solution. The solution was finally aged for at least 24 h to allow the formation of IrO, NP
hydrosol. The formation of IrO2 NPs was confirmed by the characteristic blue color appearance
and a broad absorption peak at ~ 570 nm, observed from UV-Vis spectroscopy (Fig. A.1 in
Appendix A). This peak is because of the transition among tzq and eq orbital of the Ir** ion in
the octahedral coordinated environment.® The IrO. NPs hydrosol solution was used for the
photodeposition of the 1rO2 NPs onto the TiOx.

2.2.1.4 Synthesis of PUTiO2 films, IrO2/TiO2 films and IrO./Pt/TiO, powders by
photodeposition method

Photo-reduction process was used to deposit the platinum and Iridium oxide onto the
TiO2 films and onto commercial TiO2 powder. A required amount of K»PtCls aqueous solution,
corresponding to 1 wt.% Pt (with respect to the weight of TiO, film) was spread on to the TiO>
films, coated on 76 mm * 25 mm glass substrates. Similarly, a required amount of 1rO hydrosol
(5 wt.% IrO2 with respect to the TiO- film weight) was spread onto the TiO- films, coated on
76 mm * 52 mm glass substrates. After drying in air for 1 h, the TiO> film immersed in the 100
mL DI water was illuminated with UV light (365 nm) for 2 h for the photo-reduction process.*®
Finally, the Pt/TiO2 and IrO./TiO> films were dried in oven at 80 °C and 60 °C, respectively,
for 1 h and then used for reactors fabrication. The Pt and IrO2 was photo-deposited on the spin
coated TiO. films with varying number of coatings, and named them as Pt/TiO2-nx and
IrO2/TiO2-nx, where n indicates number of coatings. The weight and average thickness of the
TiO2 films are presented in Table 2.3.
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Table 2.3:

Weight and Thickness of the TiO; thin films

S. No. Number of Sample name Weight, mg | Avg. Thickness, nm
Coatings, n

1 2 Pt/TiO2-2x 0.65 640 + 50

2 4 Pt/TiO2-4x 1.17 1150 + 106
3 6 Pt/TiO2-6x 1.76 1380 + 321
4 8 Pt/TiO2-8x 2.15 1650 + 119
5 6 IrO2/TiO2-6x 1+0.04 728 + 20

6 12 IrO2/TiO2-12x 2+0.12 1958 + 92
7 18 IrO2/TiO,-18x 3+0.2 2269 + 146
8 24 IrO2/TiO2-24x 4+0.5 3078 + 362

The average thickness of the films was obtained from the field emission scanning electron
microscopy (FESEM) (Fig. A.2 in Appendix A).

For IrO2/Pt/TiO2 synthesis, Pt and IrO. NPs were photodeposited sequentially onto
the commercial TiO2. The anatase phase TiO2 is chosen because it is a n-type semiconductor
with an indirect bandgap transition and has lower recombination rate and longer lifetime of the
photocarriers.®® First, TiO, powder was dispersed in DI water under stirring at 500 rpm. A
desired amount of K>PtCls precursor was added to the above solution. Then, the solution was
irradiated under 365 nm UV light for 2 h. After 2 h, IrO2 hydrosol was added to the solution
and continued photodeposition for another 2 h. After photodeposition, UV light and stirring
were stopped and solution was dried at 80°C until dry powder was obtained. Thus, synthesis
of IrO2/Pt/TiO2 photocatalyst was completed. The Pt and IrO2 loadings were varied from 0.5
to 2.5 wt.% and 0.5 to 5 wt.%, respectively, with respect to the weight of TiO, powder.

2.2.2 Characterization of photocatalyst film and powder samples
All the photocatalyst film and powder samples were characterized to determine their
physico-chemical and morphological properties. The analysis procedure of each technique was

mentioned below.

The crystal structures of the TiO> films, Pt/TiO, (8x coating), 1rO2/TiO2 film (24x
coating) and IrO2/Pt/TiO. powders was identified using X-ray diffractometer ((Model: X’Pert
Pro, Make: Phillips, USA) with Cu K, (4=0.15418 nm) and (Model: Smartlab; Make: Rigaku,
Japan)) using Cu K, radiation (A= 0.1578 nm) under an applied voltage of 40 and 45 kV, a
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current of 35 and 200 mA, a grazing incidence angle of 1 and 0.5° and 0.02°sec and 6 7min
scan rate in the region of 20-80° diffraction angle (260). Raman spectra of the TiO films were
collected using Raman spectrometer (Model: LabRAM HR evolution, Make: Horiba scientific,
India) by mounting the TiO> films on a flat stage in a 180° backscattering geometry and
irradiated with an Argon ion laser of 532 nm excitation wavelength and in the Raman shift
range of 50-700 cm™. The surface morphology of the TiO2 films was observed by the field
emission scanning electron microscopy (FESEM) (Model: JSM-7610F, Make: Jeol, USA) at a
voltage of 15 kV. Before FESEM analysis, the samples were coated with platinum using Auto
fine coater (Model: JEC-3000FC, Make: Jeol, USA) to avoid the sample charging. The average
particle size and porosity of the TiO> films were estimated using ImageJ 1.51j8 software from
FESEM images.®? The porosity corresponds to the void space formed after calcination of the
TiO> films. FESEM (Model: Sigma; Make: Zeiss, Germany) was used to obtain the surface
morphology of the Pt/TiO2 (8x coating), IrO2/TiO; film (24x coating) and IrO2/Pt/TiO>
powders photocatalysts. The TiOz film roughness was examined by atomic force microscopy
(AFM) (Model: Innova, Make: Bruker, India) and was estimated using Nanoscope analysis 1.5
software from AFM images. The UV-Vis absorbance of the photocatalysts was obtained using
UV-Vis spectrophotometer (Model: UV-2600; Make: Shimadzu, Japan) in the wavelength
range of 200-700 nm using BaSO4 as reference standard. Photoluminescence (PL) emission
spectra of the photocatalysts was recorded on the fluorescence spectrophotometer (Model:
Fluoromax-4; Make: Horiba Jobin Yvon, Japan) under 325 nm excitation wavelength. The
average particles size and actual concentration of Pt and 1rO2 deposited on TiO2 support was
determined from FETEM and EDX. FETEM (Model: JEM-2100F; Make: JEOL, Japan)
analysis was conducted at an accelerating voltage of 200 kV to determine the particle size and
the morphology of the samples. The composition and elemental mapping of the sample was
analyzed by the EDX analyzer connected to FESEM (Model: Sigma; Make: Zeiss, Germany).
The X-ray photoelectron spectroscopy (XPS) with monochromatic X-ray source ((Model:
ESCALAB; Make: ThermoFisher Scientific Co., U.K.) and (Model: PHI 5000 Versa Probe III;
Make: M/s Physical electronics, USA)) was used to determine the chemical states present in
the photocatalysts. The XPSPEAK 4.1 software was used to perform the peak fitting of the
XPS spectra. Spectral output of MH lamp was recorded on the fluorescence spectrophotometer
(Model: Fluoromax-4; Make: Horiba Jobin Yvon, Japan). The illuminated MH lamp was set
as reference lamp while the other lamps were kept off and emission from the lamp was recorded

by the spectrophotometer.
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List of instruments used in this thesis with their specifications and availability are presented in
Table 2.4.

Table 2.4: List of instruments used in this thesis with their specifications and availability

S. Make, model o Pre-treatment o
Instrument Name o Specifications . Availability
No and origin conditions
Center for
) CuKa source;
X-ray powder | Smartlab,Rigaku, ) Instruments
1 ] _ scan speed - | Driedat 110°C .
diffraction (XRD) | Japan ) facility (CIF),
6°/min
TG
Argon ion laser Centre for
CPX100, Labram
Raman ; of 532 nm ) Nano
2 HR  Evolution, B Dried at 110°C
Spectroscopy excitation technology
HORIBA, Japan
wavelength (CNT), ITG
Field Emission
; 15KW Current
Scanning Electron | JSM-7610F,
3 _ and 7V probe | - CNT, lITG
Microscope JEOL, Japan
voltage
(FESEM)
’ JEC-3000FC, )
4 | Auto fine coater - Dried at 110°C | CNT, lITG
Jeol, USA
Atomic force | Innova, Bruker, d
5 ) : - Dried at 110°C | CNT, lITG
microscopy India
Analytical lab,
UV-Vis UV-2600, . Chemical
6 _ - Dried at 110°C
spectrophotometry | Shimadzu, Japan Engg. Dept,,
TG
Fluoromax-4, 325 nm )
Fluorescence ) ) o ) Physics Dept.,
7 Horiba Jobin | excitation Dried at 110°C
spectrophotometry TG
Yvon, Japan wavelength
Field Emission Sonicated with
o JEM-2100F, voltage of 200
8 | Transmission ethanol  and | CIF, IITG
JEOL, Japan kV
Electron drop  casted
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Microscope over the
(FETEM) copper grid

EDX analyzer | )
Sigma 300, Zeiss,

9 | connected to - - CIF, lITG
Germany
FESEM
CuKa source; SAIF,
X-ray powder | X Pert Pro, ] ]
10 | _ . scan speed — | Driedat110°C | Guwabhati
diffraction (XRD) | Phillips, USA o
0.02°/sec University
X-Ray )
ESCALAB Xi+,
Photoelectro | ~3x107° mbar, CSIR-NEIST,
11 Thermoscientific, -
Spectroscopy il 20 eV, and 55° Jorhat
(XPS)
X-Ray PHI 5000 Versa | Monochromated
Photoelectro Probe I, M/s | k-Apha X-ray
12 _ - CIF, ITG
Spectroscopy Physical source (1486.7
(XPS) electronics, USA | eV)

2.2.3 Experimental procedures of photocatalyst testing

2.2.3.1 Fabrication of optofluidic planar microreactors (OFPMRs)

Figure 2.1 shows the steps involved in the fabrication of the OFPMR used to perform
HER.The planar rectangular reaction chamber, along with the inlet and outlet manifolds, (Fig.
2.1b) on the glass slide was formed by HF wet etching process. The clean glass slide was
covered with self-adhesive tape, resistant to HF, on both sides. Usage of tape as mask for the
acid etching was as reported earlier.!* Then, the area to be etched on the glass slide was marked
on one side of the tape and removed the tape in that area using a sharp surgical knife. The glass
slide was dipped completely in the plastic beaker containing 50 ml of 40% HF and DI water in
the 1:1 volume ratio, and left it for etching for 1 h. After 1 h, the etched glass slide was taken
out and cleaned under running tape water. A clear transparent reaction chamber was obtained
after etching such that light can pass through easily. The surface area of the reaction chamber
of the cover plate (Fig. 2.1b) was same as that of the catalyst coated surface of the reaction
plate (Fig. 2.1a). The area of the catalyst coated region was 7.5 cm?. The PTFE tube was joined
at the inlet and the outlet of the cover plate (Fig. 2.1c) using UV curable glue. Glass strips with
holes were used to provide additional support and strength to inlet/outlet tubing (Fig. 2.1c and
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2.1d). Finally, the optofluidic planar microreactor (Fig. 2.1d) was fabricated by bonding the
cover plate and the catalyst plate together using UV curable glue, cured by 365 nm UV lamp
in 5-10 min. The volume of the reaction chamber in the microreactor was 75 pL. Fig. 2.1(b)-
(d) represent the fabrication process described above, once Pt/TiO> film coated on glass slide
(Fig. 2.1a).

15 mm

Bottom plate #

. Cover plate

Figure 2.1: a) Bottom plate with catalyst coating; b) Planar chamber with inlet and outlet holes;
c) Cover plate with inlet and outlet tubes; d) Fabricated planar microreactor with bottom and
cover plate

Figure 2.2 shows the steps involved in the fabrication of the OFPMR used to
perform OER. A bottom plate consisting of catalyst thin film is shown in Fig. 2.2a. A middle
plate (spacer) with a hollow rectangular reaction chamber (Fig. 2.2b) was fabricated using wet
chemical etching method with an adhesive tape as a mask. Initially, the adhesive tape was
applied to cover the entire glass substrate and then the unwanted portion of the tape were
removed using a sharp surgical knife. Finally, the glass substrate was completely dipped in
48% HF solution for 2 h. The cover plate (Fig. 2.2c) was also obtained using the wet chemical
etching method as described above. Finally, the cover, middle, and bottom plates were bonded
together using 365 nm UV curable glue. The fabricated OFPMR is shown in Fig. 2.2d. The
catalyst coated region has an area of 8.75 cm?, and the microreactor has a reaction volume of
875 uL. The inlet and outlet of the fabricated planar microreactors (Fig.s 2.1d and 2.2d) were
connected to a syringe pump and a liquid collecting reservoir through PTFE tubing,

respectively (Fig.s 2.4 and 2.5).
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IrO,/Ti0,

Figure 2.2: (a) Bottom plate, (b) middle plate, (c) Cover plate, (d) Fabricated planar
microreactor
2.2.3.2 Photocatalytic activity of TiO. thin films by Methylene blue degradation

The photocatalytic activity of TiO> thin films was studied by investigating the photo-
degradation of MB in aqueous solution under UV light illumination. A standard MB solution
with concentration of ~1 ppm was used as model dye pollutant to determine the photocatalytic
efficiency of TiO> films. A beaker containing 50 ml of prepared MB solution was placed on a
magnetic stirrer inside a dark chamber equipped with 365 nm UV-A type lamp. The
photocatalyst-coated glass substrate was immersed in the MB solution. The mixture was stirred
for 60 min in the absence of light to ensure the equilibrium of MB adsorption-desorption on
the TiO2 films. Photocatalysis experiment was started by illuminating the UV light, vertically
hung over the top of the stirrer at a distance of 5 cm above the solution. The UV radiation
reaches the film surface through the dye solution thereby causing the photocatalytic oxidation
on the film surface. The pollutant concentration was analyzed at every 15 min till the
completion of the experiment using UV-Vis spectroscopy (Model: UV-2600, Make: Shimadzu,
Singapore), at a wavelength of 664 nm with DI water as reference. For comparison,
experiments with aqueous MB solution under UV light (photolysis), and with uncoated glass
substrate are also performed. The schematic diagram of the experimental setup for MB
degradation over TiO; thin films is shown in Figure 2.3.

The percentage degradation of MB is calculated by using the formula:

% Degradation =~ x 100 = £ 100......... 2.1)
0 0

where A and A: were the absorbance and Cp and Ciwere the concentrations of the initial and

at time t MB, respectively.'?3
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UV-A, 365 nm

50 ml, ~1ppm MB

Thin film

100 ml beaker

(.

( . - | . 1
Magnetic stirrer

Figure 2.3: Schematic diagram of the experimental setup for photodegradation of Methylene
blue

All experiments were performed at room temperature and atmospheric pressure inside dark
chamber. The MB was selected as model compound to assess the photocatalytic activity of thin
films because it is suggested as standard (10678:2010) by international organization for
standardization (ISO), namely, “Determination of photocatalytic activity of surfaces in the

aqueous medium by degradation of methylene blue”.*

2.2.3.3 Photocatalytic activity testing for hydrogen and oxygen production using OFPMRs
The photocatalytic activity of Pt/TiO> thin films was tested for water splitting using
methanol as electron donor (sacrificial agent, SR) to produce hydrogen in the OFPMR (Fig.
2.1d) and the photocatalytic activity of IrO2/TiO; thin films was investigated using NalO3 as
electron acceptor!® (sacrificial agent, SR) to produce oxygen in the OFPMR (Fig. 2.2d). The
reactant solution containing 20 vol.% methanol in DI water was pumped using a syringe pump
through the inlet of the planar microreactor (Fig. 2.1d) (Model: PHD Ultra; Make: Harvard
Apparatus, USA). While the reactant solution containing 10 mM NalOz in DI water was passed
through the inlet of the planar microreactor (Fig. 2.2d). The flow rate of the reactant solutions
was varied between 0.1 to 0.5 mL/min (The corresponding residence time varies from 45 to 9
s). It is recommended to employ the optimal flow rate range for microreactors because the
product gas rate might be negligible due to large mass transfer resistance at very low flow rates.
At very high flow rates, the shorter residence time can limit the reaction efficiency.
Additionally, uniform flow distribution may not occur at too low flow rates, resulting in the
insufficient use of catalyst. Moreover, pumping costs might become excessively high, and
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pressure inside the microreactor could lead to leakage at very high flow rates. Based on the

above arguments and literature reports, the flowrates employed in our work are chosen.*®

A 400 W metal halide (MH) lamp (Specifications: Daylight, 5000K, 38000 Im; Model: MH
BT; Make: Halonix Technologies Pvt. Ltd., India) with inbuilt UV blocking was used as visible
light source. The MH lamp emission spectrum is given in Fig. A.3 in Appendix A. The solar
spectrum consists mainly of 44.7% visible radiation (380—780 nm), 6.6% UV radiation
(<380nm) and 48.7% IR radiation (>780nm).!” The MH lamp used in this study emits 96.8%
visible and 3.2% IR and no UV radiation. The MH lamp was positioned at a fixed distance of
10 cm vertically above the planar microreactor, so the MH light intensity at the microreactor
surface was maintained constant in all experiments. The MH intensity at the surface of the
microreactor was calculated and obtained ~318.5 mW cm™ (See MH intensity calculation in
Appendix A).

In addition, some tests were also carried out using solar simulator (Model: SLB300A;
Make: Sciencetech, Canada) consisting of 300 W Xenon lamp with spectral range of 350-2000
nm with AM 1.5G filter (which simulates the global radiation that reaches the earth’s ground)
to calculate solar to hydrogen conversion efficiency (STH). The STH is a practical standard to
measure the performance of photocatalyst under simulated sun light (SSL).*® The SSL
intensities were measured at various points along the catalyst coating area using a handheld
optical power meter (Model: UNO; Make: Gentec-eo, Canada). The water-splitting tests were
conducted at two different (99.7 and 341.3 mW cm) SSL average intensities. The average
intensity 99.7 mW cm was obtained at the power output of 63% and at distance of 15 cm
between lamp and the microreactor surface. Similarly, the average intensity of 341.3 mWcm

was obtained at the power output of 103% and at distance of 10 cm.

The incident light falls on the catalyst film inside the reaction chamber of planar
microreactor through the cover glass and liquid reactant. The outlet of the reactor was
connected to a collector flask through a rubber septum, where the outlet stream was collected.
Before each experiment, the optofluidic planar microreactor and collector were made leak-
proof and degassed with nitrogen at a flow rate of 25 ml min for 30 min to evacuate air.

In case of oxygen production experiments, the reactant solution was also purged
(degassed) under nitrogen flow to eliminate dissolved oxygen in order to maintain the reactor
system under anaerobic conditions before starting the experiment.'®2° The oxygen detected at

the start of the lamp (zero time) was taken as base oxygen concentration (This was the residual
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oxygen from the N2 cylinder used for purging). Considering the residual oxygen as a baseline
at zero time was found to be an effective method for the measurement of molecular oxygen
produced during experiments.?! In order to calculate the volume percentage of the oxygen
generated during the reaction, the oxygen calibration was performed to determine the oxygen

response factor 22 and given in Fig. A.4 in Appendix A.

The gas collected in the collector was analyzed using a gas chromatograph (GC,
Model: 7820A; Make: Agilent, The USA) at every 60 min for 5 h using a gas tight syringe
(Model: 1001; Make: Hamilton, Switzerland). The GC was equipped with a thermal
conductivity detector and CP-molecular sieves column for the separation of hydrogen, oxygen
and nitrogen.? The reactor temperature during the photocatalytic activity test experiments was
monitored using a K-type thermocouple. All experiments were conducted inside a dark

enclosure (black box) at atmospheric pressure.

The schematic diagram of the experimental setup and testrig is shown in Figure 2.4.

a) Visible light/
Simulated sunlight

1

Syringe pump q

Gastight syringe

Planar Microreactor

Collector flask Gas chromatograph

b)

Syringe pump

Collector flask Gas chromatograph
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Figure 2.4: a) Schematic diagram of the experimental setup; and b) Experimental test rig for

photocatalytic water splitting reactions in an optofluidic planar microreactors

2.2.3.4 Photocatalytic overall water splitting (POWS) experimentation

The activity of IrO2/Pt/TiO. photocatalysts was tested for the POWS to produce
hydrogen (H2) and oxygen (O) from pure water. A flat bottom flask with total volume of 110
mL was served as a batch reactor. 100 mL DI water as reactant solution was taken in above
flask (sacrificial agents were not added in DI water). A desired amount of photocatalyst powder
(catalyst loading was varied) was dispersed in DI water and flask was closed with rubber
stopper, thus making it a closed reactor system. The above solution was kept under continuous
stirring (stirring speed was varied). Then, the air inside the reactor was replaced with inert
nitrogen by flowing nitrogen gas at 25 mL min for 30 min. The activity test was performed
by starting the 400 W metal halide (MH) lamp, which was kept adjacent to the reactor at a
distance of ~10 cm, generating an intensity of 99.3 mW cm2. The MH lamp (with inbuilt UV
blocking) has no emission in UV region and mostly emits visible light with a small fraction of

IR light emission.?

Magnetic stirrer

£

~Magnetic stirrer

“3e ok )

Figure 2.5: Experimental test rig for POWS reactions: a) under MH lamp; b) under solar
simulator (SS)

The product gas generated was collected from the reactor head space at every 60 min in a gas
tight syringe and analyzed using gas chromatography (GC). Collection and injection of reaction
gas mixture using a gas tight syringe avoids the contamination of the sample with the
atmospheric air. The temperature of the reactor was stabilized at ~ 60°C within 10 min of the
start of the MH lamp during the reactions. All the experiments were conducted at atmospheric
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pressure inside the black box. Additionally, activity tests were also conducted using a solar
simulator (SS) at the intensities of 101.4 (obtained at a distance of 15 cm and power output of
63%) and 336.1 mW cm (at a distance of 10 cm and power output of 103%) away from the
reactor, respectively, in order to estimate the solar to hydrogen conversion efficiency (STH)
for the POWS. The schematic of the experimental test rig is shown in Figure 2.5. The
chromatograms are shown in Fig. A.5 in Appendix A. The nitrogen peak areas from zero to
five-hour injection into GC remained similar indicating that air leaks into the system did not

occur.

Precaution during experiment: Nitrogen gas was bubbled through the bottom of the reactor
suspension by connecting inlet and outlet tubes via rubber septum. After purging for 30 min,
the tubing was removed and applied silicon grease on top of rubber septa holes. Then, the
reaction was started by switching on the light source. The gas from the reactor headspace was
collected into gas tight syringe by dipping the needle through the septa hole into the headspace.

The silicon grease was removed and applied while collecting gas into syringe.
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Chapter 3

Surface and photocatalytic properties of TiO> thin
films prepared by non-aqueous surfactant assisted

sol-gel method
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3.1 Objectives

In the present work, TiO> sol-gels with different concentrations of each of the
components such as titania precursor, acid catalyst, stabilizing agent and surfactant is prepared
in the alcohol medium. The effect of concentration of the components in the sol-gel on the
surface morphology and topography of the TiO2 films to achieve uniform and well adhered
catalyst coatings is studied. Finally, the photocatalytic activity of the TiO> thin films is assessed
by investigating the photo-degradation of methylene blue in aqueous solution by UV light
illumination and the kinetics of the MB degradation are determined.

3.2 Results and discussion
3.2.1 Characterization of TiO2 thin films
3.2.1.1 Effect of addition of each component in the sol on the surface morphology

To study the effect of the addition of each component in the sol on the surface
morphology, the sols with and without that particular component were prepared by keeping the
concentration of all other components constant (Table 2.2, composition numbers: 1 — 4). The
AA, AcAc, and CTAB each have their specific effect on the morphology of the final TiO> thin
film formed (Figure 3.1).

Figure 3.1: Effect of components in the sol compositions on the morphology of films: a) TiO>
film; b) TiO; film without AA; ¢) TiO: film without AcAc; d) TiO; film without CTAB [Sol
composition: 0.2M TTIP, 0.1M AcAc, 0.09M AA and 1g CTAB/0.01 mol TTIP]
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A uniform layer of aggregated TiO> spherical particles (Fig. 3.1a) was formed with sol
composition of 0.2 M TTIP, 0.1M AcAc, 0.09M AA and 1g of CTAB per 0.01mol TTIP
(composition 1 of Table 2.2). In the absence of either AA or AcAc in the sol, a non-uniform
film with large aggregates was formed (Fig. 3.1b and 3.1c). A non-porous smooth film with

lumps of bigger particles was observed when CTAB was not used in the sol (Fig. 3.1d).

Table 3.1 shows the influence of sol composition on particle size, porosity and surface
roughness of the TiO thin films. The particle size was lower for the TiO> thin film formed
from the sol with all the 3 components (AcAc, AA, and CTAB) present. This indicates that a

denser uniform film was formed in presence of AcAc, AA, and CTAB.

Table 3.1: Influence of sol components on TiO2 thin films properties

S. Nominal Composition | Roughness, | Particle Porosity, %
No. nm size, nm

1 | Tio2AcAC0.1AA0.00CTAB: 7.9 10.4 14.8

2 Tio2ACcACo.1CTAB: 11.2 18.5 25.2

3 Ti02AA0.00CTAB, 18.2 27.5 45.6

4 Tio2AcACo.1AA0.09 0.3 26.4 0.95

When CTAB was not present in the TiO: sol, the surface roughness and the porosities were 0.3
nm and 0.95 %, respectively, indicating the formation of the non-porous smooth film. With the
addition of CTAB, a uniform continuous porous TiOz thin film was achieved with the
roughness value of 7.9 nm and the porosity of ~15 %. The roughness, particle size, and porosity
were lower for the film formed from the sol containing AcAc as compared to that formed from
sol containing AA, thus indicating that AcAc acted as a better modifier than AA. However, a
uniform film was obtained only when both AcAc and AA were present in the TiO2 sol along
with CTAB (Fig. 3.1a).

When AcAc was added to TTIP, the hydroxyl group present in the enol form of AcAc easily
reacts with the TTIP and causes the transfer of an acidic proton from the AcAc to an alkoxy
group of TTIP. This results in the formation of the corresponding alcohol and a modified

complex, as follows:

Ti(OPrY), + x(AcAcH) — Ti(OPri)4_x(AcAc)x +xPriOH ................. (3.1
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This modified complex (Ti(OPri)4_x(AcAc)x) generally has lower reactivity compared to
hydrolyzed TTIP (Ti(OPri)4_x(0H)x), formed when TTIP reacts with water. Therefore,

AcAc controls the hydrolysis and thereby condensation rates of TTIP through the formation of
less reactive modified TTIP.12

Similarly, when AA is added to TTIP, it also forms a new molecular complex through the

following exothermic reaction:

Ti(OPr'), + x(AA) - Ti(OPri)4_x(0Ac)x + xPrOH.................... (3.2)

This modified complex (Ti(OPri)4_x(0Ac)x) also has less reactivity and thus hydrolysis and

condensation rates of TTIP are controlled.!

The TiO> thin films obtained using either AcAc or AA in the sol were not completely uniform
(Fig. 3.1b and 3.1c). This could be due to the inadequate control of hydrolysis and condensation
rates as some degree of precipitation is still observed in the sols containing either AcAc or AA
but not both. When both AA and AcAc were present in the TiO sol, a completely homogeneous
thin film was formed (Fig. 3.1d). In this case, a clear transparent TiO sol-gel was obtained
without precipitation which could be due to the sufficient control of hydrolysis and
condensation rates. This further control of hydrolysis and condensation is achieved by forming
a new network of Ti-O-Ti in presence of AcAc and AA.2 Therefore, co-existence of AcAc and
AA as modifiers of TTIP in the TiO2 sol is essential for controlling the hydrolysis and
condensation reactions by occupying the coordination sites of TTIP to avoid the precipitation
of undesirable phases and to produce clear transparent TiO> sol-gels.

On comparing the TiO> films formed with (Fig. 3.1a) and without CTAB (Fig. 3.1d), a highly
porous film with uniform grain like structure having aggregated particles was formed after the
addition of CTAB. The presence of CTAB in the sol induces a porous TiO2 inorganic
framework because of the capping effect of CTAB around the precursor. It plays a minor role

in further reducing the hydrolysis and condensation rates.*

3.2.1.2 Effect of the concentration of TTIP on the surface morphology

The effect of concentration of TTIP (in the range of 0.1 to 0.4 M) on the thin film
morphology was studied and presented in Figure 3.2. At a concentration of 0.1 M TTIP, a thin
film containing well dispersed and finely aggregated TiO> particles was formed (Fig. 3.2a).
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The TiO; aggregates increased with the TTIP concentration, although the films were uniform

(Fig. 3.2b and 3.2¢).

Figure 3.2: Effect of varying TTIP concentration on the morphology of films: a) 0.1M; b)
0.2M; ¢) 0.4M [Sol composition: xM TTIP, 0.1M AcAc, 0.09M AA and 1g CTAB/0.01 mol

TTIP]

Table 3.2 shows the influence of the concentration of TTIP on the surface roughness, particle

size and porosity of TiO2 thin films. The surface roughness, particle size, and porosity were the

highest with the 0.1 M TTIP concentration. It can be noticed that the particle size almost

remained constant i.e., from 10.4 to 10.5 nm with increasing TTIP from 0.2M to 0.4M. The

surface roughness and porosity of the films decreased and then increased with increasing the

TTIP concentration. Higher surface roughness results in the higher active surface area of the

films for the dye degradation.®

Table 3.2: Influence of TTIP concentrations on TiO> thin films properties

Nominal Composition Roughness, nm | Particle size, nm | Porosity, %
Tio.1ACACo.1AA000CTAB: 42.9 12.3 17.5
Tio2ACAC.1AA0.00CTAB 7.9 10.4 14.8
Tio4ACACo.1AA0.00CTAB 13.5 10.5 17.3
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Cheng et al.® studied the morphologies obtained at the different concentrations of TTIP with
PS-b-PEO block copolymer as structure directing agent. They reported structural change from
clustered nanoparticles to isolated flake-like structures with increasing TTIP concentration. In
the present work, at the lowest concentration of TTIP of 0.1 M, a worm-like structure was
observed. With increasing TTIP from 0.1 to 0.2 M, the thickness of the nano-worms increases
with the deposition of new spherical particles around it. As the TTIP concentration was further
increased from 0.2 to 0.4 M, the size of the worm-like structure increased and finally
transformed into the flake-like structure. This morphology transition (from worm-like to flake-
like structure) could be due to the increase in the condensation of Ti-O nanostructures inside
the micelles by increasing the TTIP concentration. Bishnu et al.” also observed a similar effect
of an increase in the thickness of the TiO, wall from 10 to 50 nm with increasing the TTIP
concentration from 25 to 200 pL and attributed this effect to the deposition of more TTIP over

the polystyrene core.

3.2.1.3 Effect of the Concentration of CTAB on the surface morphology

CTAB is a cationic surfactant with a hydrophilic polar head group and hydrophobic
carbon tail. It forms spherical micelles above the critical micelle concentration (CMC). Due to
its amphiphilic nature, CTAB acts as a pore-forming agent which enables the formation of
highly porous materials with specific pore size and structure by inhibiting the crystallite growth
and aggregation of adjacent primary particles.*®

The effect of concentration of CTAB (in the range of 0-1.4 g per 0.01mol TTIP) in the sol on
the formed thin film morphology was studied and presented in Figure 3.3.

The highly porous TiO> thin films with uniform grain like structure were formed above the
concentration of 0.8 g per 0.01mol TTIP (Fig. 3.3c-f). The surface of the TiO> thin films was
non-porous and smooth below the concentration of 0.8 g per 0.01mol TTIP (Fig. 3.3a, b).
Mariquit et al.® studied the effect of adding CTAB surfactant to the TiO2 solution for
immobilizing TiO> films on glass substrate. From surface morphology study using FESEM,
they observed that the porous thin film structure was formed when the TiO- films were prepared
with CTAB. The TiO; particles bond with CTAB surfactant micelles during the sol-gel process
and then these micelles were subsequently burned off during film calcination, thus forming a

porous thin TiO2 film.

Figure 3.4 shows the variation of particle size, roughness and porosity of the films obtained

with changing concentrations of CTAB. The surface roughness varied unevenly and the particle
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size remained nearly constant with increasing the CTAB concentration. While the porosity
increased when CTAB concentration increased from 0.6 to 0.89/0.01 mol TTIP and then
decreased with CTAB concentration.

Figure 3.3: Effect of change in the CTAB weight on the morphology of films; a) Og; b) 0.6g;
c) 0.8g; d) 1g; e) 1.2g; f) 1.4g [Sol composition: 0.2M TTIP, 0.1M AcAc, 0.09M AA and Xg
CTAB/0.01 mol TTIP]
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Figure 3.4: Variation of surface roughness, particle size and porosity with CTAB
concentration

57
TH-3266_186107109



It is known that the CMC is the concentration of the surfactant above which micelles are formed
spontaneously. The TiO- thin film morphology changed from non-porous to porous when the
CTAB concentration was increased from 0.6 to 0.8 g/0.01 mol TTIP, therefore it can be
considered that the CMC exists between these concentrations of CTAB. As the CTAB
concentration increased from 0.6 to 0.8¢g/0.01 mol TTIP, the surfactant concentration exceeded
the CMC and the spherically shaped micelles are formed. These spherical micelles transformed
into rod-like micelles with increasing CTAB concentration in the solution. The size of the rod-
like micelles increased with increasing CTAB concentration, leading to an increase in pore
size, and porosity and thus forming porous TiO; films after calcination.®!! However, with
further increasing CTAB concentration between 0.8 and 1.4 ¢/0.01 mol TTIP, the TiO>
framework around the rod-like micelles collapses during calcination due to the decrease in the
mechanical strength since more number of micelles are present per unit volume in the solution.
This leads to the particle agglomeration resulting in the decrease of porosity in the TiO2 films.?
The collapse of the TiO> structure is more pronounced in the range of 1-1.2 g/0.01 mol TTIP
CTAB concentration.

3.2.1.4 Effect of number of coatings on the surface morphology

Effect of number of coatings was studied by obtaining the TiO- films with 1, 2, 3 and
4 times coating (1x, 2x, 3x and 4x) using the sol containing 0.1 M TTIP, 0.1 M AcAc, 0.09 M
AAand 1 g CTAB/0.01 mol TTIP (Table 2.2, Composition 5).

3.2.1.4.1 GIXRD and Raman analysis

Figure 3.5 shows the GIXRD and Raman spectra of the TiO> thin films. Fig. 3.5a
shows the GIXRD pattern of the TiOz thin films obtained with 1x, 2x, 3x and 4x coatings. The
GIXRD pattern of the TiO> thin films of 2x, 3x and 4x coatings showed the diffraction peaks
corresponding to the anatase phase of TiO2 and no others phases of TiO2 were observed. An
increase in the crystallinity of the TiO> thin films was observed with increasing number of
coatings from 2 to 4. It can be seen that the first coating (1x) exhibit amorphous phase as no
peaks were observed and a broad hump was formed which corresponds to the glass substrate.
The other possible reason for the amorphous nature of 1x coating could be that the film may
be too thin to show any peaks corresponding to crystallinity at the calcination temperature of
500 °C. The initial coating act as buffer layer thus blocking the diffusion of atoms from the
glass substrate.® This resulted in the crystallization of TiO2 films with increasing the film

thickness with 2x, 3x, and 4x coatings.
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The average grain size of TiO; anatase is estimated using Scherrer’s equation in the spherical
shape!:

_ Ka
BcosO

Scherrer’s equation:

where D is the average crystallite size, K is a shape factor taken as 0.94, A is the wavelength of
X-ray radiation (CuK, = 0.15418 nm), {3 is the full width at half maximum (FWHM) after
making the appropriate base line correction, and 6 is the diffraction angle at the position of the

peaks. The average grain size of anatase TiO2 was found to be 2.1 nm and 9.6 nm for 3 and 4

coatings.
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Figure 3.5: (a) GIXRD patterns of the TiO> thin films; (b) Raman Spectra of the TiO> thin
films: 1xCoat, 2xCoat, 3xCoat, and 4xCoat; Ref: Raman spectrum of microscope glass slide

Fig. 3.5b shows the Raman spectra of the TiO> thin films obtained at different coatings. Raman
spectrum of the glass substrate is also included for reference. The effect of the glass substrate
on Raman spectra of the film was negligible, as can be seen from Fig. 3.5b. It can be seen that
the characteristic TiO2 phonon structure was present in 3 and 4 times coated samples while it
was absent in 1 and 2 times coated samples. This suggests that TiO2 is present in the anatase
phase in 3 and 4 times coated samples and in amorphous phase in 1 and 2 times coated samples.
The observed phonon bands for anatase TiO at 143 (Eq(1)), 198 (E4(2)), 397 (B1g(1)), 517
(A1g+B1¢(2)) and 638 (Eq(3)) cm™ were in close matching with the literature reports.*>® The
slight deviations between band frequencies obtained in this work and literature could be
because of intra-grain defects or the structural distortions in the thin films. The Eg peak is
mainly caused by the symmetric stretching vibration of the O-Ti-O, the B1g peak is caused by
the symmetric bending vibration of the O-Ti-O and the Ag peak by the anti-symmetric bending
vibration of the O-Ti-O in the TiO,.”
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3.2.1.4.2 Surface morphology and Topology by FESEM and AFM

Figure 3.6 shows the FESEM images of the TiO> thin films obtained after 1x, 2x, 3x
and 4x times coatings. The TiO2 thin film uniformity increased with number of coatings.
Interestingly, a homogeneous smoother film with smaller TiO2 spherical particles was formed

on 3 times coated sample.

Figure 3.6: Effect of number of film coatings on the morphology of films a) 1x; b) 2x; c) 3x;
d) 4x [Sol composition: 0.1M TTIP, 0.1M AcAc, 0.09M AA and 1g CTAB/0.01 mol TTIP]

Figure 3.7 shows the variation of film thickness, surface roughness, particle size and porosity
against number of coatings. It was found that the film thickness increased almost linearly with
number of coatings. The roughness, particle size, and porosity decreased to 3 coatings and then
increased. The decrease in porosity with increasing thickness could be attributed to the film
densification and the pore filling.!” The lower roughness with 3 coatings represents good
homogeneity of TiO> particles on the surface. The decrease in the particle size until 3 times
coatings is attributed to the increase in the nucleation sites in the initial layers of the film.1
These initial layers act as particle nucleation sites wherein the agglomerates transform into
nanoparticles. Smaller particle size with increasing thickness results in more surface area to
absorb free radicals.8
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Figure 3.7: a) Variation of film thickness and roughness with number of coatings; b) Variation
of particle size and porosity with number of coatings

From Figure 3.6, a single coating film (1x) has a coarse microstructure with relatively low
regularity. With increasing the number of coatings, the films exhibited good microstructure
with improved homogeneity. Toktam et al.!® studied the microstructure and surface
characteristics evolution of the mesoporous TiO2 multi-spin coated films. The authors reported
that the high lattice mismatch between the TiO2 and glass substrate resulted in the coarse
structure of single layer film. With increasing number of coatings above 1, the lattice mismatch
gets eliminated and closely packed microstructure films with more uniformity are obtained.
Increased nucleation sites in the initial layers resulted in the fine nanoparticle structures. They
also reported that the high lattice mismatch between the glass substrate and TiO> film induced
significant stress and roughness in the first TiO2 layer. Higher roughness for the first layer was
also witnessed in our study. Another reason for the formation of nanoparticle structure with
increasing number of coatings is the surface reorganization in the structures further away from
the substrate. This surface reorganization is because of the anisotropic stresses occurring during

calcination as reported by Cheng et al.°

AFM images from which the roughness was determined for the 1x, 2x, 3x and 4x coatings are

shown in Figure 3.8.

The AFM images were consistent with the FESEM images of the 1x, 2x, 3x and 4x coatings
presented in the Figure 3.6. A uniform film with smoother surface from 3x coating can also be
observed by the AFM imaging (Fig. 3.8¢c).
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Figure 3.8: AFM images of films obtained with variable number of coatings a) 1x; b) 2x; c)
3x; d) 4x [Sol composition: 0.1M TTIP, 0.1M AcAc, 0.09M AA and 1g CTAB/0.01 mol TTIP]

3.2.1.4.3 Optical absorbance by UV-Vis spectroscopy

The UV-Vis spectra are shown in the Figure 3.9. The absorption edges were red-
shifted when the film thickness was increased (Fig. 3.9a), which could be due to the quantum-
size effect that depends on the particle size.?° It can be seen from XRD that the particle size
increased with film thickness. The absorption edges for the TiO2-3x and TiO2-4x films were
found to be 380 and 410 nm and their bandgap energies (Eg) were 3.16 and 3.02 eV. The Eq

= — n
was calculated from the Tauc plots (Fig. 3.9b), using the reIationshipahV_A(hV E,) ,

where o, hv and A are the absorption coefficient, energy of the incident photon and the
proportionality constant, respectively. 1 is a constant which depends on the nature of the
transition (1 = 2 for the indirect band gap of anatase TiO2)?!. The indirect bandgap decreased
with film thickness, due to the changes in the barrier height at grain boundaries, which in turn
increases the localized density of states near the band edges. The decrease of indirect bandgap
with increasing film thickness can be attributed also to the increase of particle size, decrease of

strain and increase of lattice constants.?>? With decrease in bandgap, the minimum energy
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required to excite electrons from the valence to conduction band also decreases and improves

the photocatalytic performance.?*
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Figure 3.9: a) UV-Vis spectra and b) Tauc plots of TiO thin films

3.3 Catalytic Performance of TiOz thin films
3.3.1 Photo-degradation of MB

The degradation of MB on the TiO> thin films under UV light illumination with time
is presented in Figure 3.10. In the UV-Vis absorbance spectra of the samples collected after
photo-irradiation for different times, the intensities of all the peaks with maxima at 664 nm for
MB were decreased gradually with time, thus indicating the degradation of the MB occurred
over TiO2 films.?>% During the photocatalytic process, the TiO2 photocatalyst gets excited,
thereby generating photoelectrons. These photoelectrons are transferred to the nearby MB and

participate in the redox reactions, which leads to the decomposition of MB into CO2 and H,0.

A negligible photocatalytic degradation of MB in the absence of TiO2 films (UV and UV+Glass
conditions) under UV light illumination was noticed, which was as expected.?’” The catalytic
performance of 1x and 2x coated films was not significantly different in MB degradation
obtained with no film (UV+glass). This could be due to the amount of TiO deposited for 1x
and 2x films being too low to show considerable MB degradation. There was a significant MB
degradation in case of 3 times and 4 times coated TiO> thin films indicating that these films
were photocatalytically active and thereby faster decomposition of MB. The 3 times coated
(110.7 nm thick) and the 4 times coated (145.3 nm thick) films showed 42.6% and 58.4% MB
degradation, respectively, after 60 min of reaction time. The photocatalytic activity of TiO>

thin films is due to the formation of highly oxidative radicals such as hydroxyl (HO), hydrogen
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peroxides (HO2') and superoxide (O3) generated on the TiO> catalyst surface during UV light

irradiation and then the reaction with dye molecules. 22

—a— UV —e— UV-+uncoatedglasss
60 —a— JV+3xCoat —v— UJV+4xCoat
c
2
S 40-
o
<
—
N
)
A 20
=
0- :
0 15 30 45 60
f, min

Figure 3.10: Degradation percentage of MB with reaction time

3.3.2  Proposed mechanism of photocatalytic degradation of MB

The proposed mechanism of MB degradation on TiO> film surface under UV light is
shown in Figure 3.11.
0,

UV light )
\ 0,
OH
OH

H,O/OH- H,O/OH-

Figure 3.11: Mechanism of MB degradation on TiO> film surface under UV light

The relevant equations involved in the mechanism from TiO> activation to MB degradation is

as follow 2933
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TiO, + hv > g+ Rg oo (3.4)

hig +Hy0 > OH® + HY oo (3.5)
Rig FOH™ = OH . o (3.6)
O 4 €0 = O e (3.7)

O3  HHY 5 HO oo e (3.8)

2HOS D HpOp 4 O e e (3.9
Hy0, - 20HX N, (.. o ... [ [ . %5 (3.10)
MB + OH® - degradationproducts = CO, + H,0........... ... (3.11)

MB +25.50, - 16C0, + 6H,0 + HCL + H,SO, + 3HNO;......(3.12)

TiO2 generates electron-holes pairs by absorbing photons possessing energy greater than the

bandgap energy according to the Eq. (3.4). Photogenerated holes oxidize water molecules or
OH ™ jons on the TiO: film surface to form highly reactive hydroxyl radicals (OH ") according

to Eq. (3.5) and (3.6). These hydroxyl radicals (OH ") are also produced via reduction of
oxygen molecules adsorbed on the Ti(lll) surface or dissolved in water to superoxide radical (

O, ) according to Eqg. (3.7), protonation of superoxide radical to hydroperoxyl radical (I_IO2

) according to Eq. (3.8) and subsequently formation of H,0, according to Eq. (3.9), which

further dissociates to form OH" according to Eq. (3.10). The ©OH " radical, being a very strong
oxidizing agent (standard redox potential +2.8 eV), degrades MB dye molecules adsorbed on
the TiO> film surface to the mineral products before forming CO and H.O according to Eq.
(3.11). The Eq. 3.12 represents the overall decomposition reaction of MB.3*% The major
products formed during the photocatalytic degradation of MB under UV light irradiation are
CO2, H20, HNO3, HCI and H2504.283%37 Though the acids HNO3, HCI and H2SO4were formed
during the degradation, the concentration of these acids is very small (> 10 ppm) as the amount
of MB itself is very small (usually in ppm levels). The rate of degradation of MB is proportional
to the concentration of surface hydroxyl radicals produced, which in turn depends on the rate
of generation of stable electron-hole pairs. Nagaveni et al.® observed a better performance with

anatase TiO», prepared by solution combustion, as compared to commercial Degussa TiO2 in
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degradation of MB and attributed to the large amount of surface hydroxyl radicals and lower

bandgap. Bensouici et al.®® noticed that the photocatalytic activity and apparent rate constant

increased with TiO> film thickness and ascribed this behavior to the increase in the surface

hydroxyl radicals. The decrease in the optical bandgap and increase in the MB degradation rate

with anatase TiO> film thickness was also observed in the present study.

The MB degradation rates using TiO2 thin films from this work are compared to those obtained
in the literature (Table 3.3).

Table 3.3: Comparative study of degradation of MB using TiO> photocatalyst

TH-3266_186107109

S. Catalyst Synthesis Light Cae | Catalyst | Thickness | Time % Ref
No. method source, | (ppm) | dosage (nm) (min) | degradation
wavelength (a/l)
(nm)
1 Anatase Sol-gel UV, 365 10 1 - 60 50 40
TiO,
powder
2. | Anatase Sol-gel UV, 365 15 0.1 - 720 25 4
TiOy
powder
3 Anatase Sol-gel UV, 254 | 0.355 0.5 - 60 97 25
TiO,
powder
4 Anatase Sol-gel Xenon 10 1 - 180 25 42
TiO; lamp
powder
5 Anatase Ultrasonic- UV, 254 85 0.1 - 60 70 43
TiO, assisted Sol-
powder gel
6 Anatase Sol-gel UV-vis, 20 0.33 - 150 58 a4
TiO, 350-450
powder
7 Anatase | EISA method | UV, 254 20 0.2 - 100 65 %
TiOy
powder
8 Anatase | Hydrothermal | Mercury 20 0.5 - 180 73 46
TiO, lamp,
nanotubes 200-1000
9 Anatase Magnetron Xenon 15 - 500 120 40 4
TiO, thin sputtering lamp, 300-
film 600
10 | Anatase | Sol-gel dip- UV, 365 10 - 240 80 20 a8
TiO, thin coating
film
11 | Anatase | Sol-gel spin- UV, 365 1 - 110.7 60 43 This
TiO, thin coating work
film (3x)
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12 | Anatase | Sol-gel spin- | UV, 365 1 - 1453 60 58 This
TiO, thin coating work
film (4x)

The MB degradation performance of 3x and 4x TiO- thin films were lower compared to that
reported in Ref 25 of Table 3.3. The reason for this could be the lower MB concentration treated
with higher amount of catalyst at higher energy UV light (254 nm) in their study as compared

to ours.

TiO2 powders were used more often in comparison to thin films for the photo-degradation of
MB. Generally, Sol-gel method was employed to synthesize the TiO> powder with anatase
phase. However, as mentioned earlier, usage of powders poses problem such as improper
separation during the purification process from the water suspensions, which lead to the use of
TiO2 in the form of thin films. Different methods were used to prepare the thin films such as
sol-gel spin coating, sol-gel dip coating and magnetron sputtering. It can be observed that the
TiO2 thin films prepared using sol-gel spin coating method in the present work showed better
photo-degradation compared to those reported in literature. This could be attributed to the
uniform thin films obtained in this study which resulted in the higher degradation due to the
availability of more active surface sites to convert absorbed water molecules to active hydroxyl

and superoxide radicals. 4°

3.3.3  Kinetics of photocatalytic degradation of MB
Kinetics of the photocatalytic degradation of MB over TiO2 photocatalysts was

estimated using the following zero, first and the second order rate equations °:

where k, k;, and k, are the zero, first and second order rate constants and t is UV illumination

time.

The plot between C; vs t,In(C;) vs t and Citvs t for the 3x and 4x TiO2 thin films are shown in
Figure 3.12.

The calculated rate constants and the corresponding R? values for the 3x and 4x TiO2 films are
presented in Table 3.4. From the Table 3.4, the second order equation best fits to the

experimental data with the better R? values than zero and first order indicating that the MB
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degradation kinetics follows the second order model. It can be observed that rate constant
increased with increasing the TiO> film thickness, thereby indicating the increasing rate of
degradation of MB. The observed difference in R? value for zeroth, first and second order
kinetics is very small, making the judgment of second order kinetic model fit difficult based
on linear regression fitting. Damian et al.>°, performed the kinetics of the MB degradation on
the catalyst plate by fitting the first and second order kinetic models. They reported that a
downward concave curvature is observed thereby ruling out the first order kinetics and
confirmed the applicability of the second order kinetic model by fitting straight line with R?
value of 0.9975. In our work, upon observation, downward concave curvatures can be seen for
the data sets of zeroth and first order models, whereas the data set of second order model is
much closer to straight line. Hence, the second order kinetic model better fits the MB

degradation kinetics.

a) b)
Zero order Zero order
1.2 1.5
[
3 v =-0.0053x + 0,988 1.25

v =-0.0121x + 1.248
R= 0.8409

R*=0.8212

° 0.75
°
0.6 0.5
0.4 0.25
0 15 30 45 G 0 15 30 45 G0
L. min L. min
o1 First order First order
® 0.4
L ]
0 - - 0.2
( : 3 : 60 \
-0.1
-~ - ¢ (1 ] I.< 3 6O
< -02 < .02 ‘ ‘ ’
~ .03 e - 0.4
\ -0.0061x-0.0137 v=-0013x+02227 ®
-0.4 R?* = 0.85606 -0.6 ) R: = 0.9093
0.5 -0.8
. min .
. mun
Second order Second order
1.6 18
1.4 . 1.6
o v =0.0071x + 1.0145 S 12
= R* = 0.8888 = ° v =0.0147x + 0.7884
I 1 R* = 0.9588
0.8
’ 0.8
*
0.6 0.6
0 15 30 45 60 0 15 30 45 60

t. min L. min

Figure 3.12: Estimation of rate constants for TiO> films: a) 3xCoat; b) 4xCoat

68
TH-3266_186107109



Second order Kkinetics were also reported for the photodegradation of congo red dye using
chromite catalyst “°, photodegradation of dodecyl benzene sulphonate using TiO2 Degussa P25
%1 photodegradation of toluene and acetone using modified TiO/activated carbon composite
catalyst 2, and photodegradation of MB using polymeric complex of silver catalyst *°.

Table 3.4: Kinetic parameters of the TiO> films

Zero order First order Second order
TiOz2 Film [, R? | ky, min?t | R? ks, R?
ppm min’ ppm*mint
3X 0.005 0.82 | 0.006 0.86 | 0.007 0.89
4x 0.012 0.84 | 0.013 0.91 | 0.015 0.96

In the future work, the TiO- thin films on glass prepared in this work will be used to fabricate

the optofluidic planar microreactors.

The prepared TiO2-3x and 4x thin films, having high uniformity, good adhesion and high
photocatalytic activity, are very promising for several practical applications such as
photocatalytic water-splitting and CO> reduction. By impregnating with co-catalysts such as
Ag, Au, Pt, etc., these TiO> thin films can be used for visible-light irradiated photocatalytic
water-splitting (ongoing work in our research group). Optofluidic devices can be constructed
using these thin film coated transparent substrates such as glass and be used for various

applications including photocatalytic applications (another ongoing work in our research

group).

3.4 Conclusions

In summary, TiO thin films on the glass substrate are successfully prepared by using
sol-gels containing TTIP, AcAc, AA, and CTAB. The GIXRD of the 3 and 4 times coated TiO>
thin films show the diffraction peaks of the anatase phase of TiO.. Raman spectra confirm the
presence of anatase phase in the 3 and 4 times coated TiO2 thin films. A clear transparent TiO-
sol-gel is obtained without precipitation when both AA and AcAc are present in the TiO2 sol.
A worm-like structure forms at lower TTIP concentrations and transforms into a flake-like
structure with increasing the concentration of TTIP from 0.1 to 0.4 M. The TiO> thin films are
non-porous below 0.8 g CTAB per 0.01mol TTIP and are porous above 0.8 g CTAB per
0.01mol TTIP. The CMC is found to exist between 0.6 to 0.8 g CTAB per 0.01mol TTIP. A
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highly homogeneous TiO thin film is obtained with a sol-gel containing 0.2 M TTIP, 0.1 M
AcAc, 0.09 M AA and 1 g of CTAB per 0.01 mol TTIP and the roughness, particle size and
porosity of the thin film are estimated to be 7.9 nm, 10.4 nm and 14.8 %. FESEM and AFM
images are consistent with each other for the 1x, 2x, 3x and 4x coatings. A homogeneous film
with smaller TiOz spherical particles is formed on 3 times coated sample. The 3 times coated
TiO2 thin film with thickness 110.7 nm shows 42.6 % degradation of MB whereas 4 times
coated TiO> thin film with thickness 145.3 nm shows 58.4 % MB degradation at 60 min of
photocatalytic reaction. The kinetic study shows that MB degradation follows the second order

kinetics.
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Chapter 4

Green Hydrogen Production in an Optofluidic Planar
Microreactor via Photocatalytic Water Splitting under
Visible/Simulated Sun Light Irradiation
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4.1 Objectives

Here, in this work, an optofluidic planar microreactor for the hydrogen generation from
the photocatalytic water splitting in presence of methanol as sacrificial agent using TiO2 with
platinum co-catalyst under visible/simulated-solar light irradiation was developed. The TiO>
films were prepared by sol-gel spin coating method and deposited Pt onto these films by
photochemical deposition technique. The optofluidic planar microreactor was fabricated using
Pt/TiO2> photocatalyst film coated glass substrate. The effect of parameters such as
photocatalyst film thickness, reactant flow rate, solar light intensity and type of light source on
the rate of hydrogen production was studied. The recycle stability of Pt/TiO2 film in the

optofluidic planar microreactor was also conducted.

4.2 Results and discussion
4.2.1 Characterization of TiO2 and Pt/TiO2

Figure 4.1 shows the XRD, UV-Vis and Photoluminescence spectra of the TiO2 and
PH/TiO: film.

4.2.1.1 X-ray diffraction of the TiO2 and Pt/TiO:

The XRD patterns of undoped TiO2 and Pt/TiO, are shown in Fig. 4.1a. The
diffraction pattern of the TiO> indicated that the synthesized film contained only the anatase
phase and no others phases of TiO2. The Pt/TiO2 possessed an additional peak at 40° 26 angle,
corresponding to Pt (111) lattice plane, which is consistent with face-centered cubic metallic
phase Pt° [ICDD card No. 04-0802].! This indicates the successful deposition and reduction of
Pt on TiO> surface. The observed diffraction peak at 40° was weak due to low loading and/or
good dispersion of Pt. The dominant reason being good dispersion. This is because the good
dispersion eliminates the agglomeration, which can occur even at low loading.?2 Thammanoon
et.3, photo-deposited 0.9 wt.% Pt onto the mesoporous TiO particles prepared using sol-gel
method and reported a similar XRD pattern.

The average crystallite size of TiO2 and Pt/TiO> nanoparticles (NPs) were estimated using

Scherrer’s equation for the spherical shaped particles *:

Scherrer’s equation: D=

Here D, crystallite size; K, shape factor (=0.94); A, wavelength of X-ray radiation (CuK, =
0.15418 nm); B, full width at half maximum (FWHM) after the base line correction; and 6,
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diffraction angle at the peak position. The crystallite sizes of TiO, and Pt/TiO, were estimated

to be 10.43 nm and 9.94 nm.
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Figure 4.1: a) XRD; b) UV-Vis absorbance spectra; c¢) Tauc plots; and d) PL spectra of the
TiOz and Pt/TiO> film

4.2.1.2 UV-Vis spectroscopy of the TiOz and Pt/TiO>

The UV-Vis optical absorbance spectra of the TiO2 and Pt/TiO> are shown in Fig.
4.1b. The TiO2 has absorbance at wavelengths lower than 400 nm (UV region), and the
absorbance of Pt/TiO, was extended into visible region. The optical absorbance of Pt/TiO>
increased significantly in the wavelength range of 350-700 nm as compared to that of bare
TiO2. The absorption edges for the TiO2 and Pt/TiO2 were 396 and 438 nm, indicating that the
optical absorption edge red-shifted with Pt deposition on TiO2 surface. The observed red-shift
in the absorption edge suggests that Pt/TiO2 enhances the light utilization efficiency to split
water to produce hydrogen under visible light irradiation.® The strong absorbance of visible
light with the Pt photodeposited on TiO, was also reported by other researchers %’. The
bandgap energies (Eg) of the TiO2 and Pt/TiO, were calculated to be 3.10 and 2.31 eV using
the Tauc plots (Fig. 4.1c), from the relationship ahv = A(hv — E, )", 8 Here o, absorption

81
TH-3266_186107109



coefficient; hv, energy of incident photon; A, proportionality constant; and n = 2 for the indirect
band gap of anatase TiO,.° The narrowing of TiO2 bandgap with addition of Pt also indicates
the light absorption of Pt/TiO2 extends into visible region. The minimum energy required to
excite electrons from valence band to conduction band of TiO. decreases with the decrease in
bandgap of Pt/TiO> and improves the photocatalytic performance by transferring photoexcited
electrons to Pt under visible light irradiation. The transfer of photoexcited electrons from the
conduction band of TiO2 to Pt NPs would occur until the fermi level attains an equilibrium; the
formed Schottky barrier between the TiO2 and Pt NPs leads to higher separation of generated
electron-hole pairs thereby decreasing its recombination (also confirmed from

photoluminescence spectroscopy), resulting in the improved photocatalytic efficiency.*®

4.2.1.3 Photoluminescence (PL) analysis of the TiO2 and Pt/TiO;

The PL spectra for the TiO2 and Pt/TiO- are shown in Fig. 4.1d. The PL analysis gives
qualitative information on the recombination rate of the electron-hole pairs. The broad PL peak
obtained with TiO; at wavelength 395 nm corresponds to the band-band PL (emission of the
light from the recombination of electron-hole charge carriers that are created due to photon
absorption by the TiO,). The smaller peaks (at wavelengths 438, 450, 468, 482, 490, and 565
nm) are due to excitonic PL. These peaks give information about the defects, oxygen vacancies
and surface states present in the photocatalyst. The excitonic PL peaks at 450 and 468 nm are
due to band edge free excitons and the peaks at 482 and 490 nm correspond to bound excitons.!
The PL intensity of Pt/TiO2 was lower as compared to that of TiO2. Upon photo-deposition of
Pt onto TiO2, both band-band and excitonic PL intensities were suppressed largely. This can
be attributed to the transport of the conduction band electrons (e”) of TiO2 to Pt and also
excellent interaction between Pt nanoparticles and TiO- photocatalyst.!? The Pt acts as sink or
trap sites for the e~ and lowers the recombination rate of electrons and holes.™® The suppression
of the excitonic PL with Pt addition can be viewed as the capability of Pt to capture the photo-

induced electrons is higher as compared to that of defects/oxygen vacancies of TiO2.14

4.2.1.4 X-ray photoelectron spectroscopy (XPS) of the TiO2 and Pt/TiO>

The XPS analysis was carried to determine the chemical phases present in the Pt/TiO>
and shown in Figure 4.2. Fig. 4.2a shows the survey spectra of the TiO, and Pt/TiO,
confirming the presence of (Ti2p and O1s) and (Pt4f, Ti2p and O1s) in TiO2 and Pt/TiOy,
respectively. Fig. 4.2b shows the Pt 4f spectra and corresponding peaks fitted according to the

XPS peak fitting procedure reported elsewhere®®. The broadening and small valley between the
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spin-orbit components indicates the presence of two different Pt species.'® The deconvolution
shows the peaks at binding energies 71.9 and 75.2 eV correspond to 4f 72 and 4f 5,2 of Pt metallic
phase, and those at 72.9 and 76.2 eV correspond to 4f 7,2 and 4f 5,2 of Pt oxide phases, such as
PtO and Pt(OH).. The amounts of Pt® and Pt** phases present in the Pt/TiO, were 43.3 and
56.7%, respectively. The percentage of oxidized Pt phase was higher than that of Pt metallic
phase. The presence of Pt oxide phases along with the metallic Pt causes the photosensitization
of Pt/TiO, samples to absorb visible light,}*° which was reflected in the optical absorbance
of Pt/TiO,, as observed from UV-Vis spectra.?® Overall, the Pt present in Pt/TiO2 existed in
two chemical states namely, Pt metallic, and PtO and/or Pt(OH).. Similar observations were
reported in the literature. For example, the photodeposition of Pt on TiO2 in the absence of hole
scavenger (e.g., methanol) leads to formation of Pt oxides predominantly along with metallic
Pt.2122 The amount of metallic Pt or Pt oxide phase formed is dependent on the duration of the
photodeposition carried out. The degree of formation of metallic platinum increases with
increasing the photodeposition time and vice versa.?>?> When the Pt is present only in metallic

phase, the Pt/TiO, samples show photocatalytic activity under UV light only.?
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Figure 4.2: XPS Spectra of the TiO. and Pt/TiO2: a) Survey spectrum and b) Pt 4f

4.2.1.5 FETEM and EDX of the Pt/TiO>

The FETEM images and composition analysis by EDX of the Pt/TiO are shown in
Figure 4.3. The Pt NPs (appeared as spherical black dots as the electron density of Pt is higher
compared to that of TiO>) are well dispersed on the TiO2 surface with the formation of a few
aggregates (Fig. 4.3a and b). The particle size of Pt NPs deposited on TiO2 was estimated to be
in the range of 2-5 nm from the TEM image using Image analysis for approximately 1150

particles. The Fig. 4.3b inset shows the particle size distribution. The Pt usually disperses well
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on the TiO, surface due to the strong metal-support interaction (SMSI).2* The amount of Pt
deposited onto the TiO> film was estimated to be 0.9 wt. %, from EDX analysis (Fig. 4.3d).
The FESEM image (Fig. 4.3c) of the Pt/TiO> film shows homogeneous smoother film with

smaller TiO2 spherical particles.

200mm
—

Figure 4.3: FETEM images (a and b); FESEM (c) and EDX (d) of the fresh Pt/TiO2-8x film;
Inset in Fig. 4.3b: Particle size distribution
4.2.2 Catalytic testing: Hydrogen production over Pt/TiO: films through photocatalytic

water splitting in presence of methanol

In control experiments with and without bare TiO2 film in the planar microreactor and
in presence of methanol (SR), under visible light illumination, no hydrogen production was
observed. The control experiments with Pt/TiO2 film did not show any activity for overall water
splitting into Hz and Oz (in the absence of methanol) under visible light irradiation. Therefore,
water splitting experiments presented hereafter were conducted using 20 vol.% methanol in DI
water reactant solution in the optofluidic planar microreactor over Pt/TiO; films under visible

light irradiation.
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4.2.2.1 Effect of reactant flow rate

The variation of hydrogen produced and its production rate as a function of flowrate
(0.1-0.5 mL mint), with MH lamp illumination, are presented in Figure 4.4. The amount of
hydrogen produced was increased with the run time up to 5 h, for all the flowrates (Fig. 4.4a).
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Figure 4.4: a) Hydrogen produced with run time; b) Rate of hydrogen production as a function
of reactant flowrate; at reactant flowrates between 0.1-0.5 mL min™ in the planar microreactor.
(Reaction conditions: 20 vol.% methanol in DI water, Catalyst film Pt/Ti0,-8x (1650 nm thick)
and 400 W MH lamp for visible light illumination)

The rate of hydrogen production increased with reactant flowrate reaching a maximum at 0.3
mL min? and then decreased (Fig. 4.4b). At lower flowrates, due to the laminar flow in the
planar optofluidic device, the external mass transfer resistance limits the overall reaction.?>-28
Therefore, the hydrogen production rate increased with increasing flowrate till 0.3 mL min™.
However, as the flowrate was increased beyond 0.3 mL min™, the hydrogen production rate
significantly decreased even though the external mass transfer resistances were completely
eliminated. This significant decrease in the hydrogen production rate was due to decrease in
the residence times.?®3! Therefore, 0.3 mL min* was the optimum flowrate to obtain the

maximum hydrogen production rate and was used in the further studies.

4.2.2.2 Effect of catalyst coating thickness

The hydrogen produced as a function of time and its production rate, over the Pt/TiO>
films of different thicknesses (Table 2.3), are presented in Figure 4.5. The reactant flowrate of
0.3 mL min*! was used for these experiments and the reactor was illuminated with 400 W MH

lamp.
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All Pt doped TiO: thin films showed significant amount of hydrogen generation compared to
bare TiO: indicating that these films were photocatalytically active under visible light
irradiation. The photocatalytic activity of Pt/TiO2 under visible light irradiation was because of
the visible light absorption by this photocatalyst.
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Figure 4.5: a) Hydrogen produced with run time; b) Rate of hydrogen production as a function
of thickness; over Pt/TiO> films with varying thickness in the planar microreactor. (Reaction
conditions: 20 vol.% methanol in DI water, 0.3 mL min* flowrate and 400 W MH lamp for
visible light illumination)

This could be attributed to the presence of Pt oxide phase along with metallic Pt, as observed
from XPS analysis (Figure 4.2). The Pt oxide phase acts as a photosensitizer to enhance the
optical absorbance of Pt/TiO. in the visible region. The amount of hydrogen produced
increased nearly linearly with time up to 5 h, over all the films (Fig. 4.5a). The rate of hydrogen
production increased with increasing the thickness of the photocatalyst film (Fig. 4.5b). This
could be attributed to the increase of the photogenerated carriers (e-h™ pairs) with film
thickness, through the absorption of more photons.?”?*3? These photogenerated holes react
with water molecules and generate more protons, which eventually react with electrons
resulting in the increased hydrogen production rate. The Pt/TiO2-8x film with thickness of
1650+119 nm showed the highest photocatalytic activity with a hydrogen production rate of
16.35 mmol h™* g and 4.7 pmol ht cm™. Table 1.2 (Page 7) shows the recent literature on the
photocatalytic hydrogen evolution from water splitting. It can be observed that the Pt/TiO-
catalyst configuration showed a highest H, production rate of 225.04 mmol g h'! for a batch
reactor system. The higher loading of Pt cocatalyst as well as catalyst was employed, compared
to our study. Apart from this, piezoelectric transducer as an acoustic source was used along

with the xenon lamp irradiation which has resulted in the significant activity for Hz production
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with rate of 225.04 mmol g* h't. However, the planar microreactor offers the scalability of the

process thereby allowing for the further improvement of the reaction efficiencies.

The two Hz production rates presented in Fig. 4.5b were converged to each other at higher
photocatalyst thickness because the coating weight increased with thickness but the geometric
area of photocatalyst film remained the same. Thus, the rate of increase of hydrogen production
rate with respect to geometric area (with units pmol h™* cm) was higher than that with respect
to weight of the photocatalyst (units mmol h* g%) with thickness. The absorption of incident
light and internal mass transfer resistance are the important factors, which vary with varying
the film thickness. With increasing the film thickness, the absorption of the incident light
increases and thus the hydrogen production rate increases, reaching maximum at a particular
thickness. Beyond this thickness, the rate decreases.?>>2 The internal mass transfer (diffusional)
resistance, plays a significant role by limiting utilization of the deeper catalyst layers,
particularly at higher film thicknesses.?®> The rate of hydrogen production increased with
increasing the thickness of the photocatalyst film up to 1650 + 119 nm, indicating an increase
of absorption of incident light and negligible internal diffusional resistances 2>% in the range
of thicknesses studied. Lei et al.?’, studied the effect of TiO, film thickness of the top and
bottom films in a planar microreactor. The authors reported an increase in the effective surface
area with thickness, particularly when the film is very thin, due to the porous morphology of
TiO2 film. This results in the increase of reaction efficiency with the TiO> thickness. Whereas,
when the film becomes very thick, the pores in the inner part are not exposed to the solution
and/or light absorption decreases and thus decrease in the photoreactivity. The optimum bottom
and top film thicknesses were reported to be 2 um and 1 pm, through methylene blue
photodegradation studies. The film thickness needs to further varied beyond 8x coatings in

order to reach optimum thickness w.r.t the hydrogen production activity in our study.

4.2.2.3 Recycle stability of catalyst coating

The recycle stability and characterization of the spent Pt/TiO2-8x film is shown in
Figure 4.6. The recycle stability of the Pt/TiO2-8x film in the optofluidic planar microreactor
is presented in Fig. 4.6a. The water splitting recycle experiments were conducted using 20
vol.% methanol in DI water reactant solution pumped at flowrate of 0.3 mL min* under visible
light illumination. After every 5 h of recycle experiment, the methanol free DI water is pumped

through the microreactor for 10 min to refresh the catalyst coating.

87
TH-3266_186107109



A marginal decrease in the activity was observed after 2 cycles. To understand the reasons for

the decrease in activity during recycle study, the spent photocatalyst was characterized using
FESEM and EDX (Fig. 4.6b and c). The Pt content of fresh and spent photocatalysts were 0.9
and 0.8 wt.%, respectively (Fig. 4.3d and Fig. 4.6¢), based on EDX analysis. Before and after

the recycle test, the Pt contents were approximately the same, indicating that the Pt

nanoparticles are intact in the photocatalyst. The FESEM images of the Pt/TiO2-8x catalyst
film, before and after recycle stability test are shown in Fig. 4.3c and Fig. 4.6b, respectively.
From Fig. 4.6Db, it can be observed that there is a slight aggregation of the Pt/TiO> composite

particles in the spent catalyst after 4 cycles of stability runs, which could be the reason for the

marginal decrease in the hydrogen production rate after 2" cycle.3
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Figure 4.6: a) Catalyst stability test of Pt/TiO2-8x film in the planar microreactor (The reaction
conditions were similar to those used in Fig. 4.4); (b) FESEM and (c) EDX of the spent Pt/TiO»-

8x for recycle stability
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Overall, the recycle stability tests showed that the activity of Pt/TiO.-8x coating was
maintained nearly constant for the 4 cycles of 5 h run which means that neither adsorption of
reactive intermediates onto the active sites nor leaching of catalyst coating occurred that can
cause catalyst deactivation and/or activity decrease.>>® This also confirms the stability,
robustness and durability of this system.*® Good recycle stability indicates the strong adherence
of the catalyst films on the glass substrate. This helps in easy scalability of the optofluidic

planar microreactor for practical applications.

4.2.2.4 Effect of simulated solar light (SSL) intensity

The effect of the SSL intensity (99.7 and 341.3 mW cm2) on the hydrogen production
and its rate, over Pt/TiO,-8x film, is shown in Figure 4.7. The water splitting experiments were
conducted at a reactant flowrate of 0.3 mL min* using solar simulator with AM 1.5G filter as

light source.

The amount of hydrogen produced was increased nearly linearly with time up to 5 h, over the
Pt/TiO2-8x film, for both the SSL intensities (Fig. 4.7a). The hydrogen production rate was
increased with solar intensity (Fig. 4.7b). This could be attributed to the absorption of more
photons at higher intensity leading to the generation of more electron-hole pairs.?*32337 The
Pt/Ti0.-8x film with thickness 1650+119 nm showed a hydrogen production rate of 766 pmol
h'tg?'and 0.22 pmol h™* cm™ at an avg. intensity of 99.7 mW cm. The inset in Fig. 4.7b shows
the image of planar microreactor with gas evolution over Pt/TiO2-8x film under solar
irradiation at 99.7 mW cm intensity. The H, production rate increased by 3.9 times with
increasing the SSL intensity from 99.7 to 341.3 mW cm (3.4 times), indicating a linear

increase in Hz production rate with the light intensity.

0.04 - a) —=—997 - 3 b)
—+—3413 = -
| o A — -
= 3 ""11’-)\
E 0.3 g -
g =2 2
= z
b4 =
S 0m £
E
E =9
~ o 19
= 0.01 s
o]
;‘E .
0.00 T T T T T 0- T T
1 2 3 4 5 99,7 341.3
Time, h Solar intensity, mW/em®

Figure 4.7: a) Hydrogen produced with run time; b) Rate of hydrogen production; at SSL
intensities of 99.7 and 341.3 mW/cm? in the planar microreactor (Reaction conditions: Pt/TiO--
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8x (1650 nm thick) catalyst, 20 vol.% methanol in DI water, 0.3 mL min* flowrate and 300 W
xenon lamp with AM 1.5G filter as SSL source). The inset image shows gas evolution inside
planar microreactor

In the experiments conducted with light irradiation from solar simulator, the reaction
temperatures were 45 and 60 °C at the SSL intensities 99.7 and 341.3 mW cm, respectively.
While, the reaction temperature was 60 °C with MH lamp having an intensity of 318.5 mW
cm™?. The mentioned reaction temperatures were reached within 10 min of the start of
experiment and remained constant thereafter. The increase in the H> production rate with
increasing SSL intensity and with associated temperature increase is connected to the
adsorption/desorption equilibria at the active sites of TiO» and also to the diffusion rates to and
from the surface.®®*° Velazquez et al.,* studied the effect of reaction temperature in the range
of 5 to 60 °C on the photocatalytic hydrogen production via water splitting using Pt/TiO>
powder catalyst under UV irradiance. They reported that the hydrogen production rate
increased by a factor of 5.5 as the temperature increased from 5 to 60 °C, indicating the positive
effect of reaction temperature on the photocatalytic water splitting. Zhang and Maggard.,* also
reported that the photocatalytic reaction rate of Hz evolution on Pt/TiO2 measured at 58 °C was
up to 2 times higher than the rate measured at room temperature. In this study, the H>
production rate was increased by 3.9 times with increasing the SSL intensity from 99.7 to 341.3
mW cm (3.4 times), along with a reaction temperature increase of 15 °C (from ~45 to 60 °C).
The optimum temperature range for photocatalytic reactions is reported to be in the range of
20-80 °C.%

4.2.2.5 Effect of type of light source

In terms of hydrogen production rate, the 400 W MH lamp outperformed 300 W xenon
based solar simulator by at least 5 times. The increase in the lamp power (or intensity) results
in the increased number of visible light photons incident per unit area, which in turn generates
more electron-hole pairs, leading to higher H production. #*2 To understand the reasons for
higher activity with MH lamp, the intensity of MH lamp was calculated and the emission
spectra of MH lamp compared with solar simulator 3. The intensity of MH lamp at the
microreactor surface was 318.5 mW cm. The activity with MH lamp was higher even at the
similar intensity as that of solar simulator (341.3 mW cm). This could be because the MH
lamp emits a high quality spectrum distribution %4, with strong peak at lower wavelength (~
467 nm) as compared to that with solar simulator (~ 490 nm). The solar simulator spectrum is
distributed broadly throughout the visible range. Moreover, the contribution of IR radiation
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with the solar simulator was higher. Similar observations were reported in the literature. For
example, Hisatomi et al.*®, studied the photocatalytic water splitting on Rh2.,Cr,03/Zn-Ga;O3
and reported at least 100 times higher photon absorption under irradiation by 450 W Hg lamp
than that under 300 W Xe lamp.

4.2.2.6 Solar to hydrogen energy conversion efficiency (STH)

The solar to hydrogen energy conversion efficiency (STH) was calculated based on

the following equation®6-48;

STH (9%) = 2% X 100........oovieeane 42)

where Ry, AG?, P and S are the rate of hydrogen production (mmol s), Gibbs free energy (237
kJ mol™), intensity of the light (mW cm) and irradiated area (7.5 cm?).

The calculated STH at the solar intensity of 99.7 mW cm was 0.015%. The STH value
increased slightly with increasing the solar light intensity (0.017% at 341.3 mW cm). This
STH value is within the range of the STH values (<0.1%) reported so far for most of the
particulate photocatalysis (PC) systems.***® The presence of methanol as SR eliminates the
need of Hy/O; separation since it avoids the formation of Oz and increases the safety of the
process. The planar microreactor, being a continuous reaction system, has a great potential for

large scale applications.

The united states department of energy (DOE) estimated the targeted threshold cost of
hydrogen to be $ 4.0 per kg H2, produced from photocatalytic water splitting process in
presence of methanol. Zhao et al.*® reviewed the feasibility of using methanol as SR. They
reported that a hydrogen production rate of 1.29 mol h™* m? under AM 1.5G light conditions
is needed for the process to be economical at commercial scale, with a cost price of $ 4.0 per
kg Hz. A hydrogen production rate of 0.22 pmol h* cm2 (0.0022 mol h™* m2) was obtained in
this work. The production rate may further be improved by developing an effective
photocatalyst with more solar light absorption and optimizing the catalyst amount. A maximum
STH efficiency of 0.12% was reported for a large scale (~1 m?) panel photoreactor using
Pt/mesoporous carbon nitride coating under natural sunlight irradiation in presence of
Triethanolamine as SR, untill now.*® The thin film based reactors are easily scalable and
preparation of large size panel (planar) reactors could be cheaper. This type of reactors even
with the lower STH (3-5%) can economically compete with photo electrochemical (PEC)
technology that has 10% STH.%!
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4.3 Conclusions

An optofluidic planar microreactor was fabricated and tested successfully for the
photocatalytic water splitting in presence of methanol as sacrificial agent under visible light
(400 W metal halide lamp) and simulated sun light (SSL, 300 W xenon lamp with AM1.5G
filter) illumination. The rate of hydrogen production linearly increased with increasing catalyst
coating thickness and solar light intensity. While it reached a maximum with increasing
reactant flowrate. The highest rate of 16.35 mmol h g (4.7 umol h** cm?) hydrogen
production was obtained on the Pt/TiO> film of thickness 1650+119 nm at an optimum reactant
flowrate of 0.3 mL min* using 20 vol.% methanol in DI water under visible light illumination.
The recycle stability test proved the strong adherence of 1650+119 nm thick Pt/TiO; film,
which is essential for scale up of planar microreactor. A SSL driven hydrogen production rate
of 0.766 mmol h'* g1 (0.22 pmol h't cm2) with STH of 0.015% was obtained at ~100 mW cm"

2 intensity.
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Chapter 5

Visible Light Active IrO,/TiO; films for Oxygen
Evolution from Photocatalytic Water Splitting in an

Optofluidic Planar Microreactor

Laxmi Prasad Rao Pala, Nageswara Rao Peela, Renewable Energy (2022) 197:902-910.
https://doi.org/10.1016/j.renene.2022.08.017
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5.1 Objectives

The current study focus on the fabrication of the optofluidic planar microreactor using
TiO, coated glass with IrO> as co-catalyst and then photocatalytic water splitting is conducted
using the planar microreactor for oxygen production with sodium iodate (NalO3) sacrificial
agent (electron acceptor) in the presence of visible light. The IrO, hydrosol, an aqueous
solution of nanoparticles was prepared and photo-deposited onto TiO> films, prepared using
sol-gel spin coating technique. The effect of the photocatalyst film thicknesses and reactant
flow rates on the oxygen evolution rates was studied. Recycle stability tests of IrO2/TiO; film

in the optofluidic planar microreactor were also conducted.

5.2  Results and discussion

5.2.1 Characterization of TiO2 and IrO2/TiOz2 films

The physicochemical and morphological properties of TiO2> and IrO2/TiO:
photocatalysts was deduced in detail by characterizing the samples thoroughly using XRD,
UV-vis spectroscopy, Photoluminescence spectroscopy, X-ray photoelectron spectroscopy,
FESEM, FETEM, and EDX, and shown in Figure 5.1 and Figure 5.2.

5.2.1.1 X-ray diffraction pattern of the TiOz and IrO./TiO;

The X-ray diffraction patterns of the TiO2 and IrO/TiO> (Fig. 5.1a) showed that the
peaks correspond to the anatase phase of TiO2 only (JCPDS file no. 21-1272).12 The diffraction
peaks corresponding to IrO2 were not observed due to either good dispersion of IrO2 NPs on
TiO2 support or its lower content.®* The crystallite sizes of TiO, and IrO/TiO, as estimated

from Scherrer's equation, were 10.43 and 9.48 nm, respectively.®

5.2.1.2 Optical absorbance of the TiO2 and IrO./TiO;

The optical absorbance spectra of the TiO2 and IrO./TiO., obtained from UV-Vis
spectroscopy, are shown in Fig. 5.1b. The absorbance decreased in the UV region (<350 nm)
and increased in the visible region (>380 nm) with the deposition of IrO2 NPs onto TiO>
surface. The absorption edges were red-shifted from 396 nm for TiO2 to 410 nm for IrO2/TiOx.
The TiO2 has bandgap energy (Eg) of 3.10 eV and the IrO2/TiO2 of 2.84 eV as estimated from
the Tauc plot (Fig. 5.1¢).® The decrease in TiO, bandgap after IrO, deposition indicates the
reduction in the minimum energy required to generate photocarriers (electron-holes pairs). This
in turn enhances the photocatalytic performance by transferring the photogenerated holes from
the TiO2 valence band to IrO2 NPs under visible light irradiation.”®
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5.2.1.3 Photoluminescence (PL) spectra for the TiO2 and IrO2/TiO2

The photoluminescence (PL) study provides qualitative information on the electron-
hole pair recombination rate. The PL spectra for the TiO2 and IrO2/TiO> are shown in Fig. 5.1d.
The PL intensity of TiO decreased significantly with the deposition of IrO2> NPs. The reduction
in intensity indicates an enhancement in the photogenerated electron-hole pair separation and

a decrease in the recombination rate, which in turn improves the photocatalytic efficiency of

the IrO2/Ti0O,.°
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5.2.1.4 Chemical states of the IrO./TiO; catalyst by XPS

The chemical states of the IrO./TiO, catalyst were determined using X-ray
photoelectron spectroscopy (XPS). Fig. 5.1e shows the survey spectrum of the IrO2/TiOo,
confirming the presence of Ir, Ti, and O elements in IrO2/TiO.. Fig. 5.1f shows the peak fitting
of the high resolution Ir 4f spectrum. The peaks corresponding to Ir 4f 7 and Ir 4f 5, were
obtained at binding energies 62.1 and 64.9 eV, respectively?, which are characteristic of the
Ir** state'®, corresponding to the rutile phase of IrO2.1* The rutile phase of IrO- is known to be
the best electrocatalyst for the water oxidation reaction.!2® Similar Ir 4f XPS spectra were
reported in Ref. 14 The XPS data confirmed that the synthesis method followed in this work

resulted in pure IrO2 NPs without forming any other phase.

5.2.1.5 FETEM and EDX analysis of the IrO2/TiO>

The FETEM and EDX analysis of the 1rO2/TiO. are shown in Figure 5.2. A good
dispersion of IrO2 NPs on the TiOz surface was observed with only a few agglomerates. The
particle size distribution (PSD) of IrO, NPs was in the range of 1-3 nm (Fig. 5.2b inset). The
particle size was estimated considering approximately 1325 particles from the TEM image
using the ImageJ analysis software. The fresh IrO2/TiO- film was homogeneous and smooth,
containing spherical shaped TiO particles as observed from the FESEM images (Fig. 5.2c).
The EDX analysis indicates that the IrO2 concentration on TiOz film was ~ 5 wt.% (Fig. 5.2d),

which was similar to the nominal concentration taken during the synthesis.

Figure 5.2: (a, b) Field Emission Transmission Electron Microscopic images, (c) Field
Emission Scanning Electron Microscopic image, and (d) Energy Dispersive X-ray spectra of
the fresh IrO2/Ti0O2-24x film; Fig. 5.2b inset: Particle Size Distribution
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5.2.2 Catalytic testing: Oxygen production over IrO2/TiO2 films via photocatalytic
water splitting

The oxygen evolution was not observed during the control experiments performed in
the presence and absence of bare TiO2 film in the planar microreactor under visible light
illumination using 10 mM NalO3 aqueous solution. The control experiments with IrO2/TiO:
film resulted in no hydrogen production activity in the presence of visible light. Hence, the
following water-splitting reactions were performed with 10 mM NalO3z aqueous solution as a
reactant in the optofluidic planar microreactor over IrO2/TiO. films under visible light

illumination using a metal halide (MH) lamp.

The effect of parametric variation on the oxygen evolution is shown in Figure 5.3. The evolved
oxygen increased with the run time at different reactant flowrates and film thicknesses (Fig.s
5.3a and b). All IrO; doped TiO- thin films showed a significant oxygen production rate (Fig.
5.3b), indicating that the films were photocatalytically active for OER in the presence of visible
light illumination. The activity of IrO2/TiO> films under visible light illumination was due to
the absorption of visible light by the films as observed from UV-Vis spectroscopy (Fig.s 5.1b

and c).

The effect of flowrate on oxygen evolution rate was studied over IrO2/TiO2-24x films. A
maximum in the rate of oxygen production was obtained with the increase of flow rate (Fig.
5.3c), i.e., the oxygen production rate was increased up to 0.3 mL min and then decreased
slowly. The increase in the rate of oxygen production up to 0.3 mL min* indicates that the
process was intruded by the external mass transfer resistance in the optofluidic planar
microreactor at lower flow rates. Beyond 0.3 mL min, the decrease in the oxygen production
rate could be due to the decrease in the reactant residence times. Therefore, 0.3 mL min* was

the optimal reactant flowrate where the maximum oxygen production rate was obtained.

The oxygen production rate was increased with the thickness of the films up to 3078 + 362 nm
(Fig. 5.3d). With an increase in the film thickness, more photogenerated carriers (e-h* pairs)
are generated by the absorption of more photons.*>’ The photogenerated holes oxidize the

water molecules, thereby increasing the oxygen production rate.

In the case of immobilized photocatalytic film, the three competing factors that determine the
optimum film thickness are the catalyst surface area, internal mass transfer/diffusion, and

absorption of incident light.
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Figure 5.3: (a, b) Amount of oxygen produced against run time; (c, d) Rate of oxygen
production with the variation of reactant flowrate and film thickness; €) Recycle stability of
IrO2/TiO2-24x film, and f) FESEM image of IrO2/TiO2-24x film after recycle test

The initial increase in reaction rate with increasing the film thickness is because of the increase
in the active surface area and light absorption. With further increasing the thickness, the
reaction rate reaches a maximum at a certain value and then decreases. The decrease in the
reaction rate is because of the dominance of the internal mass transfer resistance, which reduces
the utilization of deeper layers. Moreover, the light absorption also decreases with the increase
of film thickness.!31® The increased oxygen production rate with an increase in the thickness
means that the light absorption increased and internal diffusional resistance was negligible 2
22 in the range of thicknesses studied here. The thickness studies were performed at the reactant
flow rate of 0.3 mL min™. The IrO,/TiO,-24x film of 3078 + 362 nm thickness exhibited the
highest oxygen evolution with the photocatalytic activity of 3.99 mmol h't g and 1.84 pmol
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h™t cm. The optimum film thickness range for the maximum light absorption and hence solar
water splitting activity is reported to be 8-12 pum for the TiO2 films. 22 The TiO; film prepared
by sol-gel spin coating, employed in this work, requires oven drying followed by high
temperature calcination after every coating, which was very time consuming (Approximately
one day is required for completing one coating cycle). A film with a thickness of 3 um was
obtained after 24 coating cycles, taking a very long time (approximately 24 days) to complete
the coating process. Therefore, only the film thicknesses up to 3 um were tested, even though
an increase in the activity with thickness was observed up to this coating thickness. However,
we are attempting different coating techniques to achieve thicker TiO2 films with fewer coating

cycles and good adherence (an ongoing work in our research group).

Recycle stability of the IrO2/TiO2-24x film in the planar microreactor is shown in Fig. 5.3e.
Recycle experiment was performed using NalOs aqueous solution, pumped at a flow rate of
0.3 mL min't in the presence of visible light. The catalyst film was refreshed after each cycle
by feeding the fresh DI water through the microreactor for 10 min in the absence of light. A
slight decrease in the activity after the 4™ cycle was observed as compared to that in the 1%
cycle. The slight decline in activity could be due to the TiO2 catalyst particle aggregation,
which increases particle size and thereby decreases active surface area.?* The nanoparticles
tend to form aggregates because of their high surface energy.?® The FESEM images of the fresh
and utilized 1rO/TiO- film for recycle test are shown in Figs. 5.2¢ and 5.3f. Yasun et al.?®
reported that the higher the thickness of the layer, the more the TiO2 particles in the film, and
hence the higher the particle aggregation. On comparing the FESEM images of the Pt/TiO2-8x
2l and 1IrO./TiO,-24x films after recycle stability tests, the degree of TiO: particle aggregation
increased with increasing the thickness, and thus the decrease in activity was more pronounced
after 4 cycles for IrO2/TiO2-24x film. The EDX of the spent catalyst showed a similar Ir content
as that of the fresh catalyst (Fig. 5.2d). Good recycle stability indicates that the catalyst films
were adhered firmly onto glass, which is important for the scalability of the planar

microreactor.%’

In our previous work, we have developed Pt/TiO. films for hydrogen generation in the
optofluidic planar microreactor using methanol as a sacrificial agent under visible light
irradiation.?” With IrO2/TiO; film showing significant oxygen evolution in the present work,
the scope for the further work will be to develop an overall water splitting photocatalyst, which
will produce both hydrogen and oxygen simultaneously from the DI water only (without using
any sacrificial agent) in the presence of visible light.
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5.2.3 Proposed mechanism of photocatalytic water splitting over IrO2/TiO2 catalyst
under visible light irradiation for oxygen evolution

The band structures of the IrO2/TiO; and Pt/TiO2 were examined from XPS valence
band (VB) spectra. Determining the band edge positions of the valence band (VB) and
conduction band (CB) is crucial as the edge positions signify the redox capability of the
photocatalysts.?® Figure 5.4 shows the VB spectra, bandedge diagram and oxygen evolution

mechanism.

The XPS VB spectra of the IrO2/TiO2 and Pt/TiO, are shown in Fig. 5.4a. The Pt/TiO, a
hydrogen evolution reaction photocatalyst employed in our previous work 27, was also included
for reference. The VB edge potentials were obtained from the XPS VB spectra by extrapolating
the intersection onto the binding energy (BE) axis (shown in orange). The CB edge potentials
were obtained from the equation (Ecs = Eve — Eg).? Table 5.1 shows the band edge potentials

and bandgap energies of the samples.

Table 5.1: Band edge potentials and bandgap energies

Photocatalyst | Bandgap energy | Valence band edge | Conduction band edge
(Eg) potential (Evs) potential (Ecg)

IrO2/TiO: 2.84 eV 3.10eV 0.26 eV

PUTIO; 2.3lev? 0.84 eV -1.47 eV

Based on the VB and CB edge potentials, the band alignment diagram was constructed as
shown in Fig. 5.4b. From the diagram, it can be observed that the IrO2/TiO; has a VB potential
more positive than the water oxidation potential, thereby making it capable of producing
oxygen under visible light illumination. The Pt/TiO2 has CB potential more negative than the
water reduction potential, favoring a significant amount of hydrogen production in the presence

of visible light irradiation.?’

The mechanism for the photocatalytic oxygen production over IrO2/TiO2 was postulated based
on the band edge position analysis and is shown in Fig. 5.4c. The TiO>, with a bandgap of 3.10
eV (from UV-Vis analysis), produces electron-hole pairs under UV light only. After the photo-
deposition of IrO2 NPs, the bandgap of TiO, was narrowed down to 2.92 eV, indicating that
the IrO2/TiO2 could generate electron-hole pairs under visible light illumination. The electrons
are excited to the TiO2 conduction band (CB), while the IrO2 NPs capture the vacant holes at

the TiO2 valence band (VB). The captured holes participate in the water oxidation to form
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oxygen and protons (H*) on the IrO> co-catalyst surface. The excited electrons along with H*

ions participate in the iodate reduction to iodine via iodide ion formation.

A T T
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Figure 5.4: a) XPS valence band spectra; b) Band edge positions (Redox potentials of water at
pH = 7; %): and c) Schematic diagram of oxygen evolution mechanism

The following are the reactions for consumption of NalO3 and oxygen evolution 3

hv>Eg

Ir0,/Ti0O, ——— e~ + ht(Ir03)...cvvv it i vee e (B5.1)

2H,0 4 4h* = 0y +4H oo e e v e e v (5.2)
1

105 + 5e~ + 6H* - 512 + 3H,0...cccii e e ee et e . (5.3)

The pH of the product solution after reactions was measured using a pH meter and found to be
almost neutral. This indicates that the H* ions produced during OER were consumed in sodium

iodate reduction.
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5.3 Conclusions

The fabricated optofluidic planar microreactor, with IrO2/TiO> film as photocatalyst, has
been tested successfully for photocatalytic water splitting using sodium iodate as a sacrificial
agent (electron acceptor) to produce oxygen under visible light irradiation. The oxygen
production rate linearly increased with the increase in catalyst coating thickness and passed
through a maximum with the increase in the reactant flowrate. An oxygen evolution rate of ~
4 mmol h'! g* and 1.84 pmol h™! cm™ was achieved on the IrO2/TiO film with a thickness of
3078 + 362 nm at an optimal reactant (10 mM NalOs in DI water) flowrate of 0.3 mL min in
the presence of visible light irradiation. The recycle study showed that the IrO2/TiO; film was
stable for 4 cycles of 5 h each. This indicates that the films were strongly adhered to the glass

substrate, which is crucial for the long run use of the planar microreactor.
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Chapter 6

Green hydrogen and oxygen production over
IrO2/Pt/TiO, via photocatalytic overall water splitting

under visible light illumination

Laxmi Prasad Rao Pala, Nageswara Rao Peela (Renewable Energy, under review 2023)
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6.1 Objectives

In the previous chapters 4 and 5, we have developed a Pt/TiO2 photocatalyst for the
hydrogen production and IrO2/TiO> photocatalyst for the oxygen production under visible light
irradiation. The activity of these photocatalysts was observed only when sacrificial agents such
as methanol and sodium iodate were present in the water. The POWS activity was not observed
using either Pt/TiO2 or IrO2/TiO from pure water. Therefore, in the present work, we have
attempted to develop a TiO2 based photocatalyst using Pt and IrO> as cocatalysts for hydrogen
and oxygen production from pure water without any sacrificial agents in presence of the visible
light and simulated sunlight illumination. The effect of the various parameters such as catalyst
loading, cocatalyst loading, stirring speed and solar light intensity on the rate of hydrogen and
oxygen production from POWS was studied in detail. The catalyst performance tests were
conducted using the particle suspension (batch) reactor. In addition, long term stability test was

conducted to understand the durability of the photocatalyst.

6.2 Results and discussion
6.2.1 Characterization of IrO2/Pt/TiO2 photocatalysts

6.2.1.1 X-ray diffraction (XRD) of the IrO2/Pt/TiO;

Figure 6.1 shows the XRD patterns of the IrO2/Pt/TiO> photocatalysts. The XRD peaks
corresponding to the TiO2 anatase phase were observed for all the synthesized catalysts (Fig.
6.1a, b).12 A small shift to higher 20 values was observed for the IrO2/Pt impregnated/doped
TiO, as compared to those of bare TiO, indicating the lattice deformation of doped TiO>
samples.® The increase in shift to higher 20 values with increasing the IrO2 and Pt loadings
suggests the migration of IrO, and Pt into TiO- lattice from its surface.* The smaller atomic
radius of Pt (1.35 A) and Ir (1.35 A) than Ti (1.40 A) could be the reason for the peak shift to
higher 20.%° It is possible that the migration of IrO, or Pt into TiO; lattice could have occurred
when doped individually (Chapter 4 and 5). However, the degree in shift to higher 26 values
might be too small to notice any difference. Soundarya et al.’, prepared the Pt doped TiO:
nanotubes and studied photocatalytic H> generation through water splitting using ethanol
sacrificial agent. They reported the shift in (101) peak to higher diffraction angle and attributed

to the lattice distortion caused by the migration of the Pt into TiO- lattice.

The XRD peaks corresponding to IrO. were not observed at IrO. loading below 1 wt.%,
because of either low content or good dispersion.®® Two additional peaks at 20 31.8 and 45.5°
were observed with increasing the IrO2 loading above 1 wt.%, at a Pt loading of 0.5 wt.% (Fig.

6.1c). These peaks correspond closely with the rutile structure of Ir02.° Similarly, two
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additional peaks at 26 of 56.5 and 66.2° were observed with increasing the Pt loading above
0.5 wt.%, at the IrO> loading of 2.5 wt.% (Fig. 6.1d). These peaks correspond closely to the Pt
oxide (PtO) phase and metallic platinum (Pt), respectively.!! The crystallite size of
IrO2/Pt/TiO; catalysts (Table B.1 in Appendix B) was estimated from Scherrer’s equation.?
All the synthesized catalysts have crystallite sizes smaller than that of TiO2 (13.66 nm). The
crystallite size increased with increasing the IrO2 loading and decreased with increasing the Pt
loading, up to 2.5 wt.%. A similar trend was reported in Ref'*4. The variation of crystallite
size of the synthesized catalysts is related to the location and incorporation of Pt(IV) and Ir(1V)
in the TiO> lattice. It was reported that the optimal crystallite size is required to balance activity

and stability because smaller nanoparticles are prone to faster dissolution/deactivation and thus

not beneficial.»®
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Figure 6.1: XRD patterns of the IrO2/Pt/TiO photocatalysts: a) IrO, loading; b) Pt loading; c)
IrO2 loading-enlarged; and d) Pt loading- enlarged,

6.2.1.2 UV-Vis spectroscopy of the IrO2/Pt/TiO>

Figure 6.2 shows the UV-Vis spectra, Tauc plots and PL spectra of the IrO2/Pt/TiO>

photocatalysts. The absorbance in the visible region with the wavelength range 350-700 nm
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was significantly increased for the TiO, upon the addition of IrO. and Pt (Fig. 6.2a, b). The red
shift in absorption edges was observed with the deposition of IrO2 and Pt NPs onto TiOg,
indicating that synthesized photocatalysts have enhanced visible light utilization efficiency for
splitting the water to produce H and O2.1° The Pt oxide phase (i.e., PtO) along with the metallic
Pt contributes to the visible light absorption by the photosensitization of Pt/TiO2 samples.t’8
The IrO2 NPs when loaded on to TiO- caused the absorption edge to shift to higher wavelength
and resulted in the decrease of the bandgap energy, thereby allowing IrO2/TiO> samples to
absorb visible light.X® Therefore, the visible light absorption of the IrO,/Pt/TiO, photocatalysts
is caused by the presence of Pt, PtO and IrO2 phases. The absorption edges for the
photocatalysts are given in Table B.1 in Appendix B. The indirect bandgap energies (Eg) of the
photocatalysts were estimated from the Tauc plots (Fig. 6.2c, d) and presented in Table B.1 in
Appendix B. The bandgaps were obtained from the Tauc plots by extrapolating the tangent line

to the wavelength axis at zero absorbance.
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Figure 6.2: (a, b) UV-Vis absorbance spectra, (c, d) Tauc plots and (e, f) PL spectra of the
IrO2/Pt/TiO, photocatalysts, with variation of IrO2 and Pt loading

All cocatalyst loaded TiO. photocatalysts have bandgap energies lower than that of bare TiO>
(3.10 eV). The bandgap energy decreased with increasing IrO2 loading up to 2.5 wt.% (from
2.91 to 2.66 eV) at the Pt loading of 0.5 wt.%, while the bandgap energy increased with
increasing Pt loading (from 2.66 to 2.93 eV) at the IrO> loading of 2.5 wt.%. The bandgap
energy increases with the decrease in crystallite size and vice versa.?®?! The same trend was
observed with the variation of IrO; and Pt loadings. The photocatalyst, 2.51rO,/0.5Pt/TiOs,
exhibited the lowest bandgap energy of 2.66 eV. The smaller bandgap energy indicates the
increased light absorption in the visible range.?#% The reduction in bandgap energy for the
cocatalyst loaded TiO2 photocatalysts, compared to bare TiO, indicates that the minimum
energy required for the generation of the electron-hole pairs significantly decreased and

photoexcitation occurs easily.

6.2.1.3 Photoluminescence (PL) analysis of the IrO2/Pt/TiO>

The PL spectroscopic study gives the qualitative information on the recombination
rate of the electron-hole pairs. The PL spectra for the IrO2/Pt/TiO2 photocatalysts are shown in
Fig. 6.2(e, f). The PL intensity decreased significantly for the IrO./Pt/TiO, photocatalysts,
compared to that of bare TiO2 support. The reduction in PL intensity indicates that the
separation of the photogenerated electron-hole pair enhanced considerably and results in the
decrease of the recombination rates. The electrons and holes generated on TiO2 photocatalyst
upon incidence of light will be transferred to its surface. Then, the Pt cocatalyst captures
electrons from the TiO2 conduction band (CB) and the IrO2 cocatalyst captures holes from the
TiO2 valence band (VB). Thus, the charge transfer is effective and the recombination rate is
lower. The captured electrons and holes participate in the water redox reactions to produce H>
and Oz, in higher number, resulting in the improved photocatalytic efficiency of the
IrO2/Pt/TiO2.2* The transfer pathway of electrons and holes to Pt and IrO, cocatalysts was

established in our previous works 17° and also reported in Refs 225,

6.2.1.4 X-ray photoelectron spectroscopy (XPS) of the IrO2./Pt/TiO>

The XPS analysis gives the information about the chemical phases present in the
IrO2/Pt/TiO photocatalysts.? The XPS survey spectra confirmed the presence of Ir4f, Pt4f,
Ti2p and O1s in all the synthesized IrO2/Pt/TiO2 photocatalysts (Figure 6.3). The Ir4f and Pt4f
peak intensities increased with increasing the IrO2 and Pt loadings.
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Figure 6.3: XPS survey spectra of the IrO»/Pt/TiO photocatalysts

High resolution XPS spectra of the Ir4f (a), Pt4f (b), Ti2p (c), and O1s (d) regions for the
IrO2/Pt/TiO2 photocatalysts is shown in Figure 6.4. The XPS peak fitting for the high resolution
Irdf, Pt4f, Ti2p, and O1s spectral regions of the IrO2/Pt/TiO; catalysts is shown in Fig. 6.4(a-
d). The high resolution XPS spectra for the TiO2, 1wt.%Pt/TiO2 ', and 5wt.%IrO,/TiO, *° from
our previous works were included for reference. The binding energies (BE) obtained from the
peak fitting analysis for all the synthesized photocatalysts are shown in Table B.2 in Appendix
B. The high-resolution spectra of Pt4f and Ir4f regions show the presence of Pt°, Pt?* and Ir**
phases in all the synthesized IrO./Pt/TiO; catalysts (Fig. 6.4a, b). Compared to BEs of the bulk
metal Pt, PtO, and rutile IrO, %11 the observed BEs for the Pt°, Pt** and Ir** phases were
positive shifted to the higher values in the synthesized IrO2/Pt/TiO2 catalysts. This
demonstrates the strong interaction of Pt and 1rO, with the TiO2 support.?®2” On comparing
with IrO2/TiO> catalyst, all the IrO2/Pt/TiO: catalysts exhibited similar BE indicating the rutile
structure of 1rO2. A small shift in BE to higher values was observed for the catalysts at 5 wt.%
IrO2 loading and Pt loadings of 1 and 1.5 wt.% (Table B.2 in Appendix B). This shift to higher
BE for the Ir** state indicates that the electronic charge density of Ir is decreased rather than
forming Ir¥* with a reverse core level shift.?82® On comparing with Pt/TiO; catalyst, the BEs
for the Pt° phase for the IrO2/Pt/TiO- catalysts remained the same indicating that the electronic
configuration of the metallic Pt remained unaffected. A slight shift in BEs of the Pt?* phase to
lower values was observed for the catalysts with 1rO, loading below 2.5 wt.% (Table B.2 in

Appendix B). This shift to lower BE for the Pt?* state indicates that the electronic charge density
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of Pt?* could have improved.®3! The BE of Pt?*4f decreased, Ir**4f increased, and Pt°4f
unaltered for the IrO2/Pt/TiO; catalysts compared to Pt/TiOz and IrO2/TiO,. The reason could
be that the Pt-1rO; particle-particle interactions were significant in the IrO,/Pt/TiO; catalysts.®2
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Figure 6.4: High resolution XPS spectra of the Ir4f (a), Pt4f (b), Ti2p (c), and O1s (d) regions
for the IrO2/Pt/TiO photocatalysts

The Ti2p peak fitting (Fig. 6.4c) shows that the obtained BE correspond to the presence of Ti**
state with the spin orbital splitting energy of 5.6 — 5.8 eV. The BE of Ti2p were shifted to lower
values for the IrO./Pt/TiO> catalysts compared to TiO», Pt/TiO2 and IrO2/TiO», indicating that
the Pt and IrO; cocatalysts are doped into TiO; lattice.®® The O1s peak fitting (Fig. 6.4d) shows
the presence of the lattice oxygen (0?) and hydroxyl group (OH") for all the catalysts. Similar
to Ti2p, the BE of lattice oxygen shifted to lower values for the IrO2/Pt/TiO; catalysts compared
to TiO2, PU/TiO2 and IrO2/TiO2, which also indicates that the incorporation of Pt and IrO;

cocatalysts into TiO- lattice was by doping.3

The surface composition of Pt%, Pt>*, Ir**, Ti2p and O1s phases present in the IrO2/Pt/TiO; are
presented in Table B.3 in Appendix B. An increase in the Ir4f and Pt4f amounts was observed

with increasing the IrO2 and Pt loading on TiO., respectively. The ratio of Ir4f/IrO, loading
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was decreased, whereas the ratio of Pt4f/Pt loading remained nearly constant. The observed
decrease in the ratio of Ir4f/1rO2 loading could indicate the migration of IrO> from the surface
to the lattice of TiO. with increasing the IrO- loading. It is to be noted that the Pt and IrO, were
sequentially deposited on TiO2, with Pt deposited first.

The O%/Ti* ratios for the IrO,/Pt/TiO; catalysts were lowered compared to bare TiO2 (2.19).
Interestingly, the O%/Ti*" ratio of 2 was obtained for the 2.51rO2/0.5Pt/TiO; catalyst, which is
of the stoichiometric TiO2.3>" The total O1s/Ti2p ratios for the IrO,/Pt/TiO; catalysts were
significantly varied compared to bare TiO2 (2.52). This can be ascribed to the presence of Pt
and 1rO2 doped onto TiO2.3® The O1s/Ti2p ratio for bare TiO, (2.52) was higher than the
stoichiometric value of 2. This could be due to the moisture (absorbed water) presence on the

commercial TiO».

6.2.1.5 Band structures of the IrO2/Pt/TiO2 photocatalysts

The redox capability of the photocatalyst is determined by the band edge potentials of
the valence band (VB) and conduction band (CB).'° The CB should be more negative than the
proton (H*) reduction (PR) potential (E = -0.41V) and the VB should be more positive than the
water oxidation (WO) potential (E = +0.82V) for the hydrogen and oxygen evolution to occur.*®
The VB potentials obtained from the XPS VB spectra and the CB potentials obtained from the
equation (Ece= Eve— Eg), were given in Table B.1 in Appendix B. The band alignment diagram

(Figure 6.5) was developed based on the CB and VB edge potentials.
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Figure 6.5: Band structures of the IrO./Pt/TiO. photocatalysts (Redox potentials at pH = 7)
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It can be seen that all the synthesized photocatalysts have desirable band edge potentials
favoring the POWS for the hydrogen and oxygen production under visible light irradiation.
Additionally, the water partial oxidation (WPO) potential (E = +1.35V), the hydrogen peroxide
oxidation (HPO) potential (E = +0.28V), the oxygen partial reduction (OPR) potential (E = -
0.28V), the oxygen reduction (OR) potential (E = -0.82V), the hydrogen peroxide reduction
(HPR) potential (E = -1.35V), and the OH radical formation (ORF) potential (E = +2.32V) are

also included for reference.*04!

The following are the reactions that could be taking place during POWS 39:4042;

Water oxidation (WO): [2H20 +4h™ — Oz + 4H" + 4¢7] E=+0.82¢eV ..(6.1)
OR reaction: [O2 +4H" + 46— 2H,0 +4h*] E=-0.82eV .. (6.2)
WPO reaction: [2H20 +2h*——  H;0, + 2H" + 2¢7] E=+135eV ..(6.3)
HPR reaction: [H202 + 2H" + 26—  2H,0 + 2h"] E=-135eV . (6.4)
HPO reaction: [H202 + 2h* —» Oz + 2H" + 2¢7] E=+0.28¢eV ..(6.5)
OPR reaction: [O2 + 2H" + 26— H0; + 2h"] E=-0.28eV .. (6.6)
PR reaction: [2H" +2¢e" — H7] E=-041eV .. (6.7)
ORF reaction: [H.O +h*™ —» OH +H' + ¢7] E=+2.32eV .. (6.8)
POWS: [2H:0 —» 2H, + O3] E=+1.23¢eV .. (6.9)

Additionally, the hydrogen peroxide could decompose to produce oxygen as follows:

Hydrogen peroxide decomposition (HPD): [H20, — H20 + 0.507] ...... (6.10)

6.2.1.6 FETEM, FESEM and EDX analysis of the IrO./Pt/TiO>

The FETEM, particle size distribution (PSD), FESEM and EDS of the
2.51r02/0.5Pt/TiO> are shown in Figure 6.6. The Pt and IrO> NPs were well dispersed on the
TiO, surface with the formation of a few agglomerates (Fig. 6.6a). The PSD (Fig. 6.6b) shows
that the cocatalysts have average particle size in the range of 0.5 — 2 nm, obtained from the
TEM image (Fig. 6.6a) using Image analysis for approximately 135 particles. The good
dispersion of the Pt and IrO2 NPs on the TiO- surface indicate that the metal (oxide) has strong
interaction with the support **#4, which was observed from XPS analysis. The FESEM image

(Fig. 6.6c) of the fresh IrO,/Pt/TiO> catalyst shows the uniform and homogeneous tiny Pt or
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IrO spherical particles on TiO support. The EDX survey spectrum (Fig. 6.6d) confirms the
presence of the Pt and IrO2 NPs on the TiO> surface. The elemental mapping (Fig. 6.6e) shows
the uniform distribution of the Pt and IrO, NPs on the TiO> support. All mapping images have
same scale of 10 um, taken over same area of catalyst sample. Wang et al.%, synthesized
spatially separated Pt and IrO. deposited on micro-SiC surface using an in-situ photodeposition
method. The authors confirmed the spatial separation of Pt and IrO> cocatalysts on SiC surface
by SEM and EDS elemental mapping characterizations. They observed that the Pt NPs
appeared as dark dots and IrO> NPs as bright dots, with deposition at different locations.
Therefore, the bright dots observed in Fig. 6.6¢ corresponds to IrO2 NPs, while the dark dots
could not be identified due to lower concentration of Pt NPs (0.5 wt.%) compared to 1rO2 NPs
(2.5 wt.%) and/or doped into TiO: lattice as evidenced from XRD and XPS studies. Thus, the
FESEM and elemental mapping confirmed that the Pt and IrO. cocatalysts were separately
deposited on to TiO2 support. This spatial separation of Pt and IrO> cocatalysts on TiO; reduces

the photogenerated electron — hole recombination rate, evidenced from PL analysis.

No. of Particles

1 2 3 Kl 5

Particle size, nm

[Tl

10pm 1 1 10pm

Figure 6.6: (a) Field Emission Transmission Electron Microscopic (FETEM) image, (b)
Particle Size Distribution (PSD), (c) Field Emission Scanning Electron Microscopic (FESEM)
image, (d) Energy Dispersive X-ray (EDX) survey spectra, () EDX elemental mapping of the
fresh 2.51rO»/0.5Pt/TiO> catalyst
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6.2.2 POWS activity over IrO2/Pt/TiOz photocatalysts

The Hz and/or O evolution was not observed during the control experiments performed
with and without bare TiO2 using pure DI water as reactant under visible light illumination.
The control experiments with Pt/TiO, ¥ and 1IrO/TiO, *° catalysts showed no activity for
POWS into Hz and O under visible light irradiation. Hence, the following POWS experiments
were conducted by dispersing the IrO2/Pt/TiO2 photocatalysts in pure DI water (no sacrificial
agents were added) in the presence of the visible/solar light illumination.
The effect of various parameters such as catalyst loading, cocatalyst loading, stirring speed,
and solar simulator (SS) light intensity on the rates of H> and O production during POWS are
presented in Figure 6.7. Long term stability (LTS) test was also studied for the best catalyst
obtained (2.51rO,/0.5Pt/TiOy).

The synthesized IrO2/Pt/TiO, photocatalysts exhibited activity for POWS indicating the
samples are photocatalytically active under visible light illumination. The photocatalytic
activity of the 1IrO2/Pt/TiO> catalysts for POWS under visible light irradiation was due to the
visible light absorption by the photocatalysts, as confirmed from the UV-Vis spectroscopy.
(Fig. 6.2a, b).

6.2.2.1 Effect of catalyst loading

The effect of catalyst loading was studied by varying 0.51rO2/0.5Pt/TiO, catalyst
amount between 10 — 200 mg at a stirring speed of 500 RPM under visible light (400 W MH
lamp) and shown in Fig. 6.7a. It can be seen that the rate of H, production (umol g* ht)
increased with the catalyst loading up to 50 mg and then decreased with further increase of
catalyst loading till 200 mg. The increase in Hz production rate up to 50 mg catalyst loading is
because of the increase in the absorption of the incident light, which in turn results in the
increase of number of active sites available for the photocatalytic reaction. Beyond 50 mg
catalyst loading, the H> production rate decreased. This could be due to the increase in the
solution turbidity, which in turn decreases the light absorption, resulting in the less number of
active sites available on the catalyst surface.*>*® At lower loading of 10 mg, no H, or Oz gas
was detected, due to a little/no absorption of the incident light. Therefore, 50 mg was the
optimum photocatalyst loading at which the maximum Hx production rate was observed.
Although the VB potential of 0.5IrO2/0.5Pt/TiO> catalyst (E = +1.12 eV) was higher than the
water oxidation reaction potential (E = +0.82 eV), the Oz gas was not detected at the catalyst
loadings studied.
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Figure 6.7: a) Effect of catalyst loading (catalyst — 0.51rO2/0.5Pt/TiOg; stirring speed —
500RPM; 400W MH); b) Effect of IrO2 cocatalyst loading (catalyst loading — 50mg; Pt loading
— 0.5 wt.%; stirring speed — 500RPM; 400W MH); c) Effect of Pt cocatalyst loading (catalyst
loading — 50mg; IrO2 loading — 2.5 wt.%; stirring speed — 500RPM; 400W MH); d) Effect of
stirring speed, RPM (catalyst — 2.51rO./0.5Pt/TiO»; catalyst loading — 50mg; 400W MH); e)
Effect of SS light intensity (catalyst — 2.51rO2/0.5Pt/TiO>; catalyst loading — 50mg; stirring
speed — 500RPM); f) Long term stability (catalyst — 2.5IrO2/0.5Pt/TiOz; catalyst loading —
50mg; stirring speed — 500RPM; 400W MH)
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Wenlong et al.*°, developed a novel Z-scheme heterojunction, composed of a phosphatized p-
type gallium indium zinc oxynitride (GIZON-P) and a n-type g-CsNs (CN) for the
photocatalytic pure water splitting. They reported that H> and H>O> were produced over
GIZON/CN under visible light irradiation. After phosphorization, the GIZON-P/CN detected

the Hz and O in the stoichiometric ratio of 2:1 under visible light illumination.

In order to identify the H2O. formation during POWS, the suspension after reaction over
0.51r02/0.5Pt/Ti0O. photocatalyst was filtered out and the liquid solution was analyzed by UV-
Vis spectroscopy for the presence of H202 product. It can be seen that an absorption peak at
around 250 nm was obtained (Fig. B.1a in Appendix B), which corresponds to the absorbance
of H20,.5%%! This confirms the formation of H20, product during POWS.

Further, the amount of H>O> produced during POWS over 0.5IrO2/0.5Pt/TiO> photocatalyst
was quantified from the calibration curve (Fig. B.1c in Appendix B). The calibration curve was
obtained by plotting the UV-Vis absorbance of known concentrations of H20, — DI water
samples (Fig. B.1b in Appendix B). The baseline was obtained by using the DI water as
reference before analyzing the H,O> samples for absorbance. The H20> production rate of 9.85
umol gt ht, which is almost same as that of produced H. rate of 9.95 umol g* h. Thus,
producing the H>O2/H. ratio of 0.989, close to stoichiometric value of 1, over
0.51rO2/0.5Pt/TiO> photocatalyst, at the catalyst loading of 50 mg and the stirring speed of 500
RPM in the presence of 400 W MH visible lamp. Therefore, the H>O, formation was the reason
for not detecting Oz gas over 0.51rO2/0.5Pt/TiO> photocatalyst at the catalyst loadings studied.

Initially, the water oxidation reaction (also called OER) occurs over 0.51rO2/0.5Pt/TiO> catalyst
producing 1 O2 molecule and 4 protons (H*), because the VB potential (E = +1.12 V) is more
positive than the water oxidation potential (E = +0.82 V). These 4 H" ions convert to form 2
H> molecules through proton reduction reaction. Thus, initially forming H2 and O in the ratio
of 2. However, only Hz gas was identified in GC but not O2. From the liquid product analysis
by UV-Vis spectroscopy, H20> was identified (Fig. B.1a in Appendix B). This was possible
when 1 O, molecule reacted with 1 H> molecule to form 1 H>O2 molecule through oxygen
partial reduction (OPR) reaction. The 0.5IrO2/0.5Pt/TiO. catalyst exhibited CB potential (E =
-1.08 V) more negative than oxygen partial reduction potential (E = -0.28 V), allowing OPR
reaction to happen. The H>O»/H. ratio of 0.989 was observed experimentally over

0.51r02/0.5Pt/TiO- catalyst, which is nearly equal to the theoretical value (1.0).
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6.2.2.2 Effect of IrO. cocatalyst loading

The effect of IrO2 cocatalyst loading was studied by varying IrO2 concentration
between 05 — 5 wt% (w.rt the TiO> amount) deposited onto 0.5wt.%Pt/TiO>
(XIrO2/0.5Pt/TiO2) photocatalysts, at the optimum catalyst loading of 50 mg and stirring speed
of 500 RPM under visible light (400 W MH lamp) and shown in Fig. 6.7b. It can be seen that
the O, production rate increased with increasing the IrO2 loading. The percentage of the Ir**
phase increased with increasing the IrO> loading (see Table B.3 in Appendix B). The increase
in the IrO; active sites lead to the increase in number of holes captured that subsequently
participate in the water oxidation reaction thereby resulting in the increased rates of O
production. Also, the VB potentials become more and more positive than water oxidation
potential for the successive IrO2 loading, thereby increasing the affinity towards the O>
evolution (see Figure 6.5 and Table B.1 in Appendix B). H> production rate also increased with
increasing the 1rO2 loading. This is because the electrons increase simultaneously with holes,
with increasing the IrO; loading. Also, the CB potentials are more negative than the water
reduction potential (E = -0.41 V) for all the catalysts obtained with varying the 1rO loading
(see Figure 6.5 and Table B.1 in Appendix B). The PL intensity decreased with increasing the
IrO. loading (Fig. 6.2e), indicating the separation and transfer of the electron-hole pairs
increased. Thus allowing more electrons to get captured by the Pt cocatalyst and concomitant
participation in the proton (H") reduction reaction to generate more H> molecules, and hence
the increase in the rate of Hz production. However, the 1rO2 loading need to be varied further
than 5 wt.% to obtain the maximum oxygen activity. The H.O> production rate decreased with
increasing the IrO2 loading. The CB potentials are becoming more positive and closer to the
oxygen partial reduction potential (E = -0.28 V) for the successive IrO2 loading, thereby
decreasing the affinity towards the H.O. formation. The O2/H> ratio of 0.509, close to

stoichiometric value of 0.5 (Eg. 9), was observed over 2.5IrO2/0.5Pt/TiO; photocatalyst.

6.2.2.3 Effect of Pt cocatalyst loading

The effect of Pt cocatalyst loading was studied by varying Pt concentration in
2.51rO2/XPt/TiO2 (X = 0.5 - 2.5 wt%). The Pt cocatalyst was deposited before depositing IrOa.
The H2 production rates increased with increasing the Pt loading till 1.5 wt.% and then
decreased (Fig. 6.7c). The percentage of the Pt (Pt° + Pt?*) phase increased with increasing the
Pt loading (see Table B.3 in Appendix B). The increase in the H> production rates with
increasing the Pt loading till 1.5 wt.% could be due to the increased Pt active sites capturing

more electrons which participate in the water reduction reaction. Moreover, the CB potentials
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become more and more negative than water reduction potential with the successive Pt loading,
increasing the catalyst affinity for the H» evolution (see Figure 6.5 and Table B.1 in Appendix
B). However, the H> production rate decreased beyond 1.5 wt.%. The excessive Pt loading
leads to the coverage of TiO2 surface with overmuch deposition of Pt, thereby decreasing the
light absorption efficiency.? This results in the lower activity for Hz evolution. The O;
production rate was also increased and then decreased with increasing the Pt loading. The
decrease in the Oz production rate at higher Pt loadings could be because of the shifting of VB
potential towards water oxidation potential with increasing Pt loading (Figure 6.5). The excess
of Pt favors higher HER activity up to optimum loading (Fig. 6.7c) whereas excess IrO2
promotes enhanced OER (Fig. 6.7b). It can be observed that there was very little amount of O>
produced for the photocatalyst 2.51rO2/2.5Pt/Ti0.. The H20. production rate increased with
increasing the Pt loading. This could be due to the shifting of CB potentials further away from
the oxygen partial reduction potential (E = -0.28 V) for the successive Pt loading (the CB
potentials became more negative with increasing the Pt loading), thereby increasing the affinity
towards the H.O; formation. H20, formation resulted in the deviation of H2/O- ratios from the
stoichiometric H2/O ratio of 2 with varying the cocatalysts (Pt and IrO2) loadings during
POWS reactions. Generation of H202 during the evolution of Hz and O from photocatalytic

pure water splitting was reported in Refs. 53-°

6.2.2.4 Formation of H2O; as secondary product during POWS

The reason for the deviations in the observed H2/O> ratios from the stoichiometric
value of 2 can be explained based on the bandgap alignment diagram (Figure 6.5) and
Equations 1 — 8. All the synthesized IrO2/Pt/TiO2 photocatalysts have CB potentials higher than
the proton (H") reduction potential (E = -0.41 V), thus exhibiting H2 generation (Eq. 7) during
POWS. The VB potentials of the IrO2/Pt/TiO. photocatalysts are less than the OH radical
formation potential (E = +2.32 V). This means that the POWS process does not go through the
formation of OH radicals. Thus, the OH radical formation reaction (Eq. 8) can be excluded. All
the IrO2/Pt/TiO2 photocatalysts have VB potentials higher than the water oxidation potential
(E = +0.82 V) to form O and water partial oxidation potential (E = +1.35 V) to form H20,
except the photocatalysts 0.51rO2/0.5Pt/TiO2 and 1.01rO./0.5Pt/TiO2 exhibiting VB potentials
higher than the water oxidation potential (E = +0.82 V) and lower than water partial oxidation
potential (E = +1.35 V) thus have capability to produce O only but the production of H2O>
was not possible through water partial oxidation reaction. Producing H20, from water requires

about 530 mV higher potential than producing O2, making selective production of H>O>
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intrinsically more difficult, and the water oxidation to produce oxygen, thermodynamically,
the most favorable reaction.*>° Therefore, the water partial oxidation reaction (Eqg. 3) can be
excluded, along with hydrogen peroxide (H20-) reduction and oxidation reactions (Eg. 4 & Eq.
5). However, the observed H./O ratios for the IrO2/Pt/TiO. photocatalysts deviated
significantly from the ideal H2/O- ratio of 2. This could be possible when the generated O gas
partially or completely reduced to form either H.O2 (Eq. 6) or H20 (Eq. 2). All the IrO2/Pt/TiO>
photocatalysts have CB potentials higher than the oxygen reduction potential (E = -0.82 V) to
form H>O and oxygen partial reduction potential (E = -0.28 V) to form H,O», except the
photocatalysts 2.51rO2/0.5Pt/TiO2, 5.0IrO2/0.5Pt/TiO2 and 2.5IrO2/1Pt/TiO. exhibiting CB
potentials above the oxygen partial reduction potential (E = -0.28 V) thus having capability to
form H>O> only but not H.O from the oxygen reduction reaction. Again, the oxygen partial
reduction to produce H2O> is thermodynamically more favorable than oxygen reduction to
produce H-O, and oxygen reduction reaction (Eq. 2) can be excluded. Therefore, it can be
assumed that the generated O» gas could have converted to H.O> through oxygen partial
reduction reaction (Eq. 6) and resulting in the variation of observed H2/O, ratios for the
IrO2/Pt/TiO2 photocatalysts from the ideal H2/O- ratio of 2. Platinum is also known to be good
electrocatalyst for the production of H.0, through partial reduction of oxygen.>~*° An increase
in O2 evolution was observed with increasing the IrO2 loading (Fig. 6.7b), which could mean
that the activity for the water oxidation reaction to form oxygen (also called OER) increased.
The detection of produced H>O> over 0.51rO2/0.5Pt/TiO. catalyst indicates that the H.O>
decomposition, to further increase Oz, was negligible at the reactor temperature of 60 °C.
However, the observed increase in O production rate with increasing IrO2 loading indicates
that the H.O, formation from produced O, gas via oxygen partial reduction reaction was
suppressed, resulting in the decrease of H20. production rate. Similarly, the O evolution was
decreased and H>O2 production increased with increasing Pt loading (Fig. 6.7¢). The H2/O2
ratio of 1.96, close to stoichiometric value of 2, was obtained for the 2.51rO2/0.5Pt/TiO>

photocatalyst under visible light irradiation, thus exhibiting ideal POWS (Eq. 9).

Gabriel et al.®°, studied the activity and stability of Pt/IrO2 bifunctional catalysts for the oxygen
evolution/reduction reactions. They reported that the materials’ activity toward the ORR was
in the order Pt/IrOz = 1:1 > Pt/IrO2 = 3:7 > Pt/IrO2 = 1:9 and reverse trend was observed for
OER. When IrO> loading was higher than Pt, ORR on the Pt sites could have been inhibited by
the adjacent IrO> NPs due to the increased oxophilicity of the Pt NPs because of the Pt-1rO;

128
TH-3266_186107109



particle — particle interactions.®? Such interactions were observed for the IrO2/Pt/TiO;

photocatalysts, from the XPS analysis.

Qin et al.®%, investigated and discussed the causes of visible-light absorption and photoactive
enhancement for the Zn1 xCdxS solid solution by considering the changes in energy gaps,
distributions of charges, and energies of the band edges. They have observed that the CB edge
potential becomes more negative with increasing Zn content (i.e., decreasing x value) in the
Zn1 xCdxS solid solution, indicating that the Zn-dominant solid solution has higher H>
production capacity than the Cd-dominant solid solution. However, the large band gaps made
the Zn-dominant solid solution undesirable compared to Cd-dominant solid solution.
Therefore, they attributed the optimal Hz production activity under visible light irradiation for
ZnosCdosS to the balance obtained between the light absorption capacity and the H» production
capacity because of an appropriate band gap and suitable CB edge position. Similarly, the
reason for obtaining the optimal H to O ratio of 1.96 (close to the stoichiometric value of 2
for POWS) for 2.51rO2/0.5Pt/TiO; catalyst could be because of the balance obtained between
the light absorption capacity, and the gas production capacity. The 2.51rO»/0.5Pt/TiO; catalyst
has the lowest bandgap energy of 2.66 eV among the synthesized photocatalysts, with a CB
potential of -0.64eV and VB potential of 2.02eV (Table B.1 in Appendix B).

6.2.2.5 Effect of stirring speed

The effect of stirring speed was studied by varying the stirring speed between 50 — 500
RPM, using the 2.51rO2/0.5Pt/TiO- photocatalyst (Fig. 6.7d). The H2 and O2 production rates
were increased with increasing the stirring speed till 225 RPM and then decreased. With
increasing the stirring speed, the probability of the contact between the photocarriers (e™-h*)
and the reactant molecules (H2O/H™) at the catalyst surface increases because of the accelerated
flowrate of the suspension, and the subsequent mass transfer of the generated H> and O> gases
from the catalyst surface into the solution also increases, resulting in improved production
rates. However, further increase in the stirring speed to 500 RPM resulted in the decreased
production rates. This could be due to the increase in the turbulence of suspension causing the
vortex formation with zero-velocity zone at the center of the reactor thereby decreasing the
light absorption.®263 At lower stirring speed of 50 RPM, O, was not detected. The diffusion of
O2 is much slower than H> because an oxygen atom is 16 times heavier than hydrogen atom.
Therefore, Oz is more difficult to escape from the photocatalyst surface than H2.>° The mass
transfer/diffusion of H and O is significantly improved with increasing the stirring speed,

achieving the maximum activity at 225 RPM. Due to the difference in the atomic mass, the
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mass transfer/diffusion affected differently with varying stirring speed, resulting in the
different Ho/O; ratios. The H2/O- ratio of 1.96 (close to stoichiometric value of 2) was obtained
at the stirring speed of 500 RPM.

6.2.2.6 Effect of SS light intensity

The effect of SS light intensity was studied at the intensities of 101.4 and 336.1 mW
cm?, over 2.51r02/0.5Pt/TiO, photocatalyst (Fig. 6.7¢). The Hz and O production rates were
increased with increasing the solar intensity. The number of incident photons increases with
increasing the light intensity, which upon absorption by catalyst generates more (e™-h*) pairs.
This increases the rate of redox reactions resulting in the increased production rates.!” The Ha
and O production rates increased almost linearly with increasing the solar intensity from 101.4
to 336.1 mW cm. Solar to hydrogen conversion efficiency (STH) of ~0.006 % was obtained
at the intensity of 101.4 mW cm2. Although the obtained STH is less than the reported values'/,
the synthesized IrO2/Pt/TiO> catalysts have significance because of the capability to split the

water molecules under solar light without using any sacrificial agents.

The H2/O- ratio of 1.96 and 1.82 under the visible 400W MH and under the SS, close to the
theoretical stoichiometric value of 2 for POWS reaction, were obtained over the IrO./Pt/TiO>
photocatalyst at the corresponding parameters of 50 mg catalyst loading, 2.5 wt.% IrO>, 0.5
wt.% Pt and 500 RPM stirring speed.

6.2.2.7 Long-term stability (LTS) test

The long-term stability (LTS) test was conducted over 2.51rO2/0.5Pt/TiO-
photocatalyst, at the optimum catalyst loading of 50 mg and a stirring speed of 500 RPM under
visible light (400 W MH lamp) irradiation (Fig. 6.7f). The Hz and Oz production was increased
linearly with the reaction time up to 10 h. This indicates that the photocatalyst activity was
stable for a period of 10 h. After 10 h, the photocatalyst showed decrease in the activity.

Figure 6.8 shows the color and characterization of the photocatalysts, before and after the LTS
test. The color of the photocatalyst changed from yellow for fresh sample (Fig. 6.8a) to dark
brown after stability test (Fig. 6.8b), which could mean that the photocatalyst suffered some
kind of deactivation. Commercial anatase TiO2 powder is shown in Fig. 6.8c for reference.

A comparative analysis on the basis XRD, XPS and UV-Vis spectra was carried out for the
photocatalyst before (fresh) and after stability test (spent). The XRD pattern shows the presence
of anatase TiO2 phase only and the IrO. peaks disappeared (Fig. 6.8d). This indicates that there
was a structural change for the spent photocatalyst. The XPS peak fitting shows that there are
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Pt% Ir**, and Ir° phases in the spent photocatalyst (Fig. 6.8e, f). On comparing the high-
resolution XPS spectra of spent photocatalyst with that of fresh photocatalyst (Figure 6.4), it
can be observed that the Pt?* phase disappeared and Ir° phase appeared (see Table B.4 in
Appendix B). The photocatalyst could have underwent reduction in the presence of generated
H> during the stability test, converting Pt and Ir oxide phases. The BE of Pt4f of Pt° phase were
shifted to lower values by ~1.2 eV, for the spent photocatalyst (70.7 and 74.0 eV) compared to
those of fresh photocatalyst (71.9 and 75.2 eV). The increase in the Pt metallic phase content
resulted in the shift towards lower binding energies.®* The metallic Ir (Ir° 4f7;2) has the binding
energy of 59.9 eV, which is close to 60.3 eV reported for the surface Ir atoms.®® This also
suggests that the surface reduction of the IrO. to Ir occurred by the accumulation of generated

H> on the catalyst surface. The surface reduction of the IrOz to metallic Ir was reported in Ref
66

The PtO and IrO; were reduced to metallic Pt and Ir by the generated Hz on the catalyst surface
during the course of stability test. A significant decrease in H. production was observed after
10 h of stability test. This could indicate that the catalyst surface saturation occurred till 10 h
with the accumulation of evolved H> causing the reduction of PtO and IrO2 phases and then
activity declined, resulting in the decrease of H, and Oz production. The Pt content increased
in lieu of PtO and the IrO2 content decreased, as observed from the XPS analysis of the spent
catalyst. The decrease in O2 production could be due to the decrease in IrO2 content. Since the
amount of O liberated from the catalyst surface was decreased with decreasing IrO. content,
the O bubbles could have accumulated on the catalyst surface further affecting the catalyst
activity. The backward reaction between Hz and O to form H>O (Eq. 2) could be ruled out
since the CB potential of 2.51rO,/0.5Pt/TiO catalyst (E = -0.64 V) was lower than the oxygen
reduction potential (E = -0.82 V). The IrO2 and PtO were reduced to metallic Ir and Pt by the
product H2 gas accumulated on the catalyst surface affecting the catalyst activity resulting in
the significant decrease of Hz and O> gases after 10 h of stability test over 2.51rO2/0.5Pt/TiO>
catalyst thereby altering the Ha to O ratios. The reduction of Pt and Ir oxide phases to Pt and
Ir metallic phase affected the light absorption properties of the spent photocatalyst. It can be
seen from UV-Vis spectra (Fig. 6.8g) that the absorbance in UV and visible region significantly
improved for the spent catalyst due to the presence of the increased metallic Pt and Ir content.
However, no shift in absorption edge was observed and the bandgap energy remained the same
(Fig. 6.8h). The FESEM image of the spent photocatalyst (Fig. 6.8i) shows that the aggregation

of the photocatalyst occurred during the stability test, which decreased the active sites and
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thereby active surface area available for the POWS reaction, resulting in the activity decrease.

FESEM image of the fresh photocatalyst is shown in Fig. 6.6c.
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Figure 6.8: (a) Fresh 2.51rO2/0.5Pt/TiO2, (b) Spent 2.5IrO./0.5Pt/TiO,, (c) Commercial
anatase TiO> powder, (d) XRD, (e) High resolution XPS of Pt4f region, (f) High resolution
XPS of Ir4f region, (g) UV-Vis spectrum, (h) Tauc plot, and (i) FESEM, of the spent
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Xinyi et al.%, studied the stability improvement of the Pt/TiO, photocatalyst during the
photocatalytic pure water splitting under UV light irradiation. They reported that the
deactivation of the photocatalyst occurred because of the accumulation of the generated gas on
the photocatalyst surface. Gabriel et al.®°, reported that Oz bubbles accumulation played an
important role in the deactivation by blocking the active sites of the catalyst, apart from particle
dissolution, growth, coalescence and detachment for the instability of Pt/IrO2 bifunctional
catalysts for the oxygen evolution/reduction reactions. Therefore, the accumulation of the
generated gas on the catalyst surface and aggregation of the photocatalyst were found to be the

reasons for the activity decrease of the 2.51rO,/0.5Pt/TiO2 photocatalyst.
6.3 Proposed mechanism of POWS over IrO2/Pt/TiO: catalysts

The mechanism for the POWS to produce H; and O over IrO2/Pt/TiO, was postulated
based on the band structure analysis (Figure 6.5) and is shown in Figure 6.9. Upon absorbing
the visible light by the photocatalyst, the electrons are excited from the VB to CB of
semiconductor and leaving behind vacant holes at the VB. The IrO2 cocatalyst captures the
holes and facilitates the water (H20) oxidation to produce O and protons (H" ions). Then, the
Pt cocatalyst on the TiO2 surface captures the electrons and facilitates the H* reduction to
produce Hz. The partial reduction of O2 to produce H2O was also promoted over Pt cocatalyst.
The transfer pathways of electrons and holes to the Pt and IrO2 cocatalysts, respectively, were

confirmed from the PL analysis.
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Figure 6.9: Schematic diagram of H> and O evolution mechanism from POWS over
IrO2/Pt/TiO2 photocatalyst under visible light irradiation
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6.4 Conclusions

The IrO2/Pt/TiO; photocatalysts were successfully synthesized by photodepositing the Pt
and 1rO2 cocatalysts sequentially onto the commercial anatase TiO2 powder. The photocatalytic
overall water splitting was conducted using the IrO2/Pt/TiO, photocatalysts by dispersing in
pure water without adding sacrificial agents under visible light illumination. The observed
H2/O> ratio for the 1rO2/Pt/TiO> photocatalysts was significantly deviated from the theoretical
value, due to the formation of H>O> as secondary product. The H2O2/H> ratio of 0.989 (close
to theoretical value of 1) was obtained over 0.51rO,/0.5Pt/TiO photocatalyst. While the H2/O-
ratio of 1.96 (close to theoretical value of 2) was obtained using 2.51rO2/0.5Pt/TiO,, at the
optimum catalyst loading of 50 mg and stirring speed of 500 RPM under visible light (400W
MH). Thus the developed photocatalyst exhibits the overall water splitting activity without any
additional sacrificial agents for the production of Hz and O> as well as H>Ox.
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Chapter 7

Thesis Conclusions and Recommendations of

Future Scope of Work
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7.1 Major Findings

i.  TiOz2 thin films: A uniform and adherent TiO thin films on the glass substrate are
successfully prepared by spin coating using sol-gel method. A highly homogeneous
TiOz thin film is obtained with a sol-gel composition of 0.2 M TTIP, 0.1 M AcAc, 0.09
M AA and 1 g of CTAB per 0.01 mol TTIP. The 4 times coated TiO> thin film showed
58.4 % MB degradation at 60 min of photocatalytic reaction.

Ii.  Pt/TiOz2 thin films: An optofluidic planar microreactor was fabricated using Pt/TiO>
thin films and tested successfully for the photocatalytic water splitting. The highest rate
of 16.35 mmol h* g* (4.7 umol h™* cm) hydrogen production was obtained on the
PU/TiO; film of thickness 1650+119 nm at an optimum reactant (20 vol.% methanol in
DI water) flowrate of 0.3 mL min under visible light illumination.

iii.  1rO2/TiOz2 thin films: The fabricated optofluidic planar microreactor, with IrO2/TiO>
film as photocatalyst, has been tested successfully for photocatalytic water splitting. An
oxygen evolution rate of ~ 4 mmol h* g (1.84 pmol h™* cm?) was achieved on the
IrO2/TiO2 film with a thickness of 3078 + 362 nm at an optimal reactant (10 mM NalOs
in DI water) flowrate of 0.3 mL min in the presence of visible light irradiation.

iv.  1rO2/Pt/TiO2 powder: The photocatalytic overall water splitting was conducted using
the IrO2/Pt/TiO2 photocatalysts by dispersing in pure water without adding sacrificial
agents under visible light illumination. The H2/H20- ratio of 1.01 (close to theoretical
value of 1) was obtained over 0.51rO2/0.5Pt/TiO photocatalyst. While the H./O> ratio
of 1.96 (close to theoretical value of 2) was obtained using 2.51rO2/0.5Pt/TiO>, at the
optimum catalyst loading of 50 mg and stirring speed of 500 RPM under visible light
(400 W MH).

v.  The Photocatalytic overall water splitting is an important artificial photosynthetic
process to produce green hydrogen from pure water. Developing photocatalyst
materials with appropriate band edge potentials and band gaps enables the hydrogen
and oxygen production activities under visible light illumination. The studies presented
in this thesis gave insights on synthesizing the photocatalysts active for the hydrogen
and oxygen production from photocatalytic water splitting with and without sacrificial
agents under visible light irradiation and the development of optofluidic planar
microreactors. For the photocatalytic half reactions performed using planar
microreactors, the following scientific insights were highlighted. The rate of hydrogen

and oxygen production increased with reactant flowrate reaching a maximum at 0.3 mL
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min™ and then decreased. The external mass transfer resistance dominated below 0.3
mL mint and lower residence times above 0.3 mL min™. The rate of hydrogen and
oxygen production increased with increasing the thickness of the photocatalyst film.
The photogenerated carriers (e-h* pairs) increased with film thickness, through the
absorption of more photons. In the case of immobilized photocatalytic film, the three
competing factors that determine the optimum film thickness are the catalyst surface
area, internal mass transfer/diffusion, and absorption of incident light. The initial
increase in reaction rates with increasing the film thickness is because of the increase
in the active surface area and light absorption. With further increasing the thickness,
the reaction rates reach a maximum at a certain value and then decreases. The decrease
in the reaction rate is because of the dominance of the internal mass transfer resistance,
which reduces the utilization of deeper layers. Moreover, the light absorption also
decreases with the increase of film thickness. The increased hydrogen and oxygen
production rates with an increase in thickness means that the light absorption increased,
and internal diffusional resistance was negligible in the range of thicknesses studied.
Recycle tests showed that the Pt/TiO2-8x and IrO2/TiOz-24x films in the planar
microreactors exhibited stable hydrogen and oxygen production rates for 4 cycles of 5
h each. Good recycle stability indicates that the catalyst films were adhered firmly onto
glass, which is important for the scalability of the planar microreactor. The presence of
methanol as SR eliminates the need of H./O> separation since it avoids the formation
of O, and increases the safety of the process. The planar microreactor, being a
continuous reaction system, has great potential for large scale applications. For the
photocatalytic overall water splitting conducted using batch reactor, the rate of H>
production increased with the catalyst loading up to 50 mg and then decreased with
further increase of catalyst loading. The increase in Hz production rate up to 50 mg
catalyst loading is because of the increase in the absorption of the incident light, which
in turn results in the increase of number of charge carriers available for the
photocatalytic reaction. Beyond 50 mg catalyst loading, the H. production rate
decreased. This could be due to the increase in the solution turbidity, which in turn
decreases the light absorption, resulting in the smaller number of active sites available
on the catalyst surface. Increasing the Pt and IrO. loadings resulting in the
corresponding increase of hydrogen and oxygen production rates. Beyond optimum Pt
loadings, hydrogen production rate decreased due to coverage of TiO2 surface with

overmuch deposition of Pt, thereby decreasing the light absorption efficiency. The H>
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and O production rates were increased with increasing the solar intensity. The number
of incident photons increases with increasing the light intensity, which upon absorption
by catalyst generates more (e-h*) pairs. This increases the rate of redox reactions
resulting in the increased production rates. Solar to hydrogen conversion efficiency
(STH) of ~0.006 % was obtained at the intensity of ~1 sun (101.4 mW cm?), indicating
the significance of the synthesized IrO./Pt/TiO. photocatalysts capability to split the

water molecules under direct sun light without using any sacrificial agents.

7.2  Future scopes

i.  Uniform and adherent coatings were obtained by the spin coating method but it is
difficult to achieve films with thickness upto 10 pum even after multiple coatings. Drop
cast, dip coat and spray coat methods can be tested in order to obtain thick films upto
10 um with good adherence in a single or fewer coatings.

ii. Good glass bonding using UV curable glue was achieved for the microreactor
fabrication. However, the problems such as catalyst blockage, if glue was in excess,
were observed. Other methods, such as anodic bonding, can be employed to fabricate
microreactor more effectively.

iii.  The efficiency of the photocatalytic overall water splitting over 1rO2/Pt/TiO, can be
improved by fabricating the large scale planar microreactor that can accommodate more
catalyst coating area.

iv.  The solar to hydrogen conversion (STH) efficiency of the IrO./Pt/TiO2 may be
improved by modifying the support structure to obtain more surface area with large
number of active sites and by using other deposition techniques to further improve the
dispersion of Pt and IrO».
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Fig. A.1: UV-vis absorbance spectra of Ir and IrO2 hydrosols
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Fig. A.21l: The film thickness measurement using FESEM: a) Pt/TiO2-2x; b) Pt/TiO.-4x; c)
Pt/TiO2-6x; d) Pt/TiO2-8x; and e) Plain glass for reference;
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Fig. A.211: The film thickness measurement using FESEM: a) IrO2/TiO2-6x; b) IrO2/TiO2-12x;
c) IrO2/TiO2-18x; and d) IrO2/TiO2-24x;
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Fig. A.3: Spectral output of the 400 W metal halide lamp (Halonix)

Calculation of 400 W MH lamp intensity:
MH lamp has power of 400 watts.

Distance between the MH lamp and the reactor was maintained at 10 cm. Considering spherical

illumination of MH lamp with a radius of 10 cm, the area of illumination is as follow:
Area of illumination = 4nr? = 4x3.14x10% = 1256 cm?

MH Intensity = Lamp power/ illumination area = 400000/1256 = 318.5 mW/cm?
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Appendix B

Table B.1: Properties of the synthesized catalysts

S. No. Catalyst Crystallite Absorption Bandgap VB potential CB potential

size, nm edge, nm energy, eV (Evs) (Ece)
1 TiO, 13.66 392 3.10 2.74 -0.36
2 0.51r02/0.5PH/TIO; 12.14 406 291 1.12 -1.80
3 1.01rO2/0.5PY/TIO; 12.47 415 2.86 1.24 -1.62
4 2.5Ir0,/0.5Pt/TiO; 13.08 448 2.66 2.02 -0.64
5 5.01rO2/0.5PY/TiO; 12.21 421 2.79 2.22 -0.57
6 2.51r02/1.0PYTIO; 12.61 426 2.78 2.08 -0.70
7 2.51r0,/1.5PH/TiO, 12.24 422 2.85 1.61 -1.24
8 2.51r0x/2.5PH/TiO, 11.82 410 2.93 1.45 -1.48

Table B.2: Binding energies (B.E) of the synthesized catalysts, obtained from XPS peak fitting

B.E.
S.No. | Catalyst I 4 (7/2, 512) | PLOAT(7/2,5/2) | P2 4f (712, 5/2) | Ti2p (3/2, 1/2) | Ols
1 TiO, - - . (458.8,464.4) | (530, 531.3)

Rutile 110, 2% (61.8, 64.8) - - - -

Pt 2% - (71.2,745) |- - -

PtO 2% - - (72.2,75.5) - -

1PUTIO, 120 - (71.9,75.2) | (72.9,76.2) (458.8, 464.4) | (530, 531.3)

51r0,/TiO, (62.1, 64.9) - - (458.8, 464.4) | (530, 531.3)
2 0.5110,/0.5PUTiO, | (62.1, 64.9) (71.9,75.2) | (72.6, 75.8) (4585, 464.2) | (529.7, 531.3)
3 1.0Ir0,/05PUTiO; | (62.1, 64.9) (71.9,752) | (126, 75.8) (4585, 464.2) | (529.7, 531.3)
4 251r0,/0.5PUTIO; | (62.1, 64.9) (719,752) | (726, 75.8) (458.4, 464.2) | (529.6, 531.3)
5 5.0I10-/0.5PUTiO, | (62.4, 64.9) (71.9,752) | (72.9,76.2) (4583, 464.1) | (5295, 531.3)
6 2.5110/1.0PUTIO, | (62.3, 65.2) (71.9,752) | (729, 76.2) (4585, 464.2) | (529.7, 531.3)
7 2.5110/15PUTIO, | (62.3, 65.2) (71.9,752) | (729, 76.2) (458.6,464.3) | (529.8, 531.3)
8 251102 5PUTiO, | (62.1, 64.9) (71.9,752) | (729, 76.2) (458.4, 464.1) | (529.6, 531.3)

TH-3266_186107109

153




Table B.3: Surface atomic composition of the synthesized catalysts, obtained from XPS peak

fitting
Surface atomic composition, at.%

S. Catalyst Ir**4f | PtO4f | Pt2*4f | Ti2p | Ols Ptaf O1s/Ti2p | OZ/Ti* | Ir**4fIrO, | Pt4f/Pt
No. ( PtO4f+ Pt2* 4f) loading loading
1 TiO; - - - 28.39 | 7161 | - 2.52 2.19

2 0.51rO,/0.5PH/TiO, | 0.99 0.14 0.04 27.90 | 70.94 | 0.18 2.54 2.05 1.98 0.36

3 1.0IrO2/0.5PYTIO, | 1.16 0.08 0.05 29.82 | 68.88 | 0.13 231 1.74 1.16 0.25

4 2.5Ir0,/0.5Pt/TiO, | 1.65 0.11 0.06 26.47 | 71.71 | 0.17 271 2.00 0.66 0.34

5 5.01rO,/0.5Pt/TiO, | 2.62 0.15 0.10 17.49 | 79.63 | 0.25 4.55 1.40 0.52 0.51

6 2.51r0,/1.0Pt/TiO, | 1.61 0.17 0.17 22.68 | 75.38 | 0.34 3.32 1.42 0.64 0.34

7 2.51rOy/1.5Pt/TiO, | 1.40 0.37 0.14 26.79 | 71.30 | 0.51 2.66 1.71 0.56 0.34

8 2.51r0y/2.5Pt/TiO, | 1.27 0.64 0.29 26.03 | 71.78 | 0.93 2.76 1.92 0.51 0.37

Table B.4: Characteristics of 2.51rO2/0.5Pt/Ti0- catalyst after stability test

Crystallite size, nm 11.87
Absorption edge, nm 448
Bandgap energy, eV 2.66

VB potential (Evs) 2.02

CB potential (Ecg) -0.64

Ir* 4F (7/2,5/2): BE |  (62.1, 64.9)
10 4F (712, 5/2): B.E (59.9, 61.7)
PO4f(7/2,5/2):B.E | (70.7, 74.0)
Ti2p (3/2, 1/2): BE | (458.8, 464.1)

Ols: B.E (529.6, 531.2)
Ir** 4f: At.% 1.02

Ir% 4f: At.% 0.31
Pt 4f: At.% 0.14
Ti2p: At.% 28.6
Ols: At.% 69.93
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Figure B.1: a) UV absorption spectrum of H2O, product in the aqueous solution after POWS
reaction over 0.51rO2/0.5Pt/TiO> catalyst; b) UV absorbance of known H>O2 concentrations in
DI water; and c) H202 Calibration curve
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