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Synopsis

Thesis Title: Synthesis, Characterization and Electronic  Structure

Modulation of Perovskite Oxides for Photocatalytic

Applications
Name of the Candidate: Mr. Anindya Sundar Patra
Registration Number: 126122032
Thesis Supervisor: Prof. Mohammad Qureshi
Department: Chemistry
Institute: Indian Institute of Technology Guwahati, Assam-781039

Chapter 1 presents a literature review, basic concepts, and challenges of photocatalytic water
splitting and dye degradation. A brief overview of the synthesis and band engineering of
photocatalysts/perovskite oxides and their application in photocatalytic activities are

included. Based on the literature review, the motivation behind the thesis has been defined.

Chapter 2 describes standard synthetic protocols used in the thesis for different perovskite
oxides and their composites with carbonaceous materials via solid-state, hydrothermal and
chemical oxidation routes. A detailed description of our photocatalytic reactor and gas
detection are included. Experimental water oxidation/reduction and dye degradation

procedure are discussed.

Chapter 3 presents the doping of LaMnO3 (LMO) with ruthenium at different levels and
understanding the change in the crystal and electronic structure, thereby correlating them to
photocatalytic properties. Owing to the similarity in the redox levels and their sizes,
ruthenium has been chosen to alter the electronic structure of LMO and studies their structure-
property correlation in terms of their photocatalytic activity. In octahedral geometry, the ionic
radii of Mn (III) and Mn (IV) are 65 pm and 52 pm respectively, whereas that of Ru (IV) and
Ru (V) are 62 pm and 56 pm. The redox values for Mn (III) & Mn (IV) is 1.02 eV and that
of Ru (IV) & Ru (V) is 1.07 eV. In this work, we have doped Ru in Mn site of LMO and
studied their efficacy in photocatalytic oxygen production from water and dye degradation.
Ruthenium doping alters the crystal structure of the parent LMO due to the induced chemical

pressure of larger ion, Ru (IV), which facilitates the bond angle close to 180° among Mn (I1I)—
i
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O—Mn (IV) plane resulting in an easy extraction of population leading to the enhanced
photocatalytic activity. Rietveld refinements reveal that the parent compound LMO
crystallizes in rhombohedral phase, while with an increase in the doping concentration of
ruthenium, the phase of the compounds changed from rhombohedral to cubic. Percentage
contribution of each phase has been estimated using the sixth-order polynomial and pseudo-
Voigt function. Structure-property correlation of the compounds is presented based on
Rietveld refinement combined with the experimental data. As-prepared compounds show an
efficient photocatalytic oxygen gas production from water without using any co-catalyst or
sacrificial reagents. Among the five compositions, LaMno7Ruo303 shows highest O
production efficiency (4.73 mmol/g/h) with ~7.43% of AQY value. These ruthenium doped
compositions also exhibit superior dye degradation properties, studied by taking the industrial
dye, methyl orange (MO) as the model compound. This increase in photocatalytic efficiency
of the materials is due to the presence of phase barrier between rhombohedral and cubic
phases, which reduces charge carrier recombination, and the decrease in the band gap of the

materials when doped with Ru.
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Phys. Chem. Phys. Chem. 2017, 19, 12167.

Chapter 4 presents the doping of lanthanum manganite with strontium at different levels and
understanding the change in the electronic structure, thereby correlating them to
photocatalytic properties. The larger size of Sr than that of La induces internal chemical
pressure in the lattice, leading to a change in phase. Changes in the electronic structure with
doping of Strontium has been studied using powder X-ray and X-ray Photoelectron
Spectroscopy (XPS). XPS analysis shows a mixed valent Mn (III) / Mn (IV) in both parent
and the doped systems, LaMnOs and Lao 7Sro3MnOs. As Mn (III) is known to show a strong

TH-1924 126122032
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Jahn — Teller effect, an electron from Mn (III) will favorably transfer from Mn (III) to Mn
(IV), leading better transport of electrons in the system, making it conductive at room
temperature. From powder X-ray diffraction data we have found that parent compound
crystallizes in rhombohedral phase. LaMnOs crystallizes in rhombohedral phase when it has
oxygen non-stoichiometry in its lattice and to neutralize the charge imbalance, a fraction of
Mn (III) is converted to Mn (IV). From four probe resistivity measurements, we have found
that Lao7Sr03MnQO; has the lowest resistivity of 0.118 Q cm among all synthesized
compounds. It is well known that Mn 3d orbitals in the ground state has a strong contribution
to the electronic structure and thereby altering the manganese electronic state one can
influence its conducting properties. We have observed that with progressive doping, a strong
correlation between structure and photocatalytic properties exists. A 30 atom% Sr-doped
lanthanum manganite shows maximum photocatalytic efficacy owing to the favorable
Mn(III)-O-Mn(IV) hopping pathway, leading to the conductivity, as proposed by famous
Zener double exchange model. Further, the efficacy of La;—Sr:-MnOs (x = 0.0 — 0.5) systems
can be enhanced by coupling with 1 wt% of graphene oxide (GO). Respective mechanism
and photocatalytic evaluation of the compositions are reported and documented. The

calculated AQY values of Lag.7Sr0.3MnO3 is ~7% whereas Lao.7Sro3MnO3 — GO is ~8%.

i

-
o

Mater. Lett. 2014, 131, 125.

Chapter 5 presents the effect of Ce doping and oxygen vacancies in efficient hydrogen
production of BaZrOs-s (BZO). Because of the low in cost and ability to form stable redox
couple Ce (II)/Ce (IV), which have diverse optical properties and high efficiency in
photocatalytic processes, we have modulated the electronic structure of BZO by Ce doping

TH-1924 126122032
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in the site of Zr. In this chapter, the influence of cerium doping and oxygen vacancies on the
photocatalytic properties of BZO hollow nanospheres has been studied. Compounds
synthesized by a template-free route are composed of hollow nanospheres generated by
Ostwald ripening of spherical nanospheres, which are formed by agglomeration of
nanoparticles. The high alkaline condition during the hydrothermal condition leads to the
formation of oxygen vacancies and lattice disorder in the compounds, confirmed by UV-
visible diffuse reflectance spectroscopy (UV-Vis DRS), X-ray photoelectron spectroscopy
(XPS) and electron spin resonance (ESR) analysis. Combination of oxygen vacancies, lattice
disorder and progressive doping of Ce onto BZO, BaZri—Ce O3 (x = 0.0 — 0.04), creates
additional energy levels below the conduction band of BZO thereby reducing its band gap.
The photocatalytic efficacy of the compounds is examined by H> generation from water
reduction. In this study, BaZro97Ceo0303 shows the highest efficiency (823 umolh'g?) in
photocatalytic Hz production among all five synthesized samples. The synergistic effect of
lowering of band gap due to Ce doping and the presence of oxygen vacancies are the reasons
behind the enhanced photocatalytic efficacy of BaZri-.Ce,O3 (x = 0.0 — 0.04) under UV-

visible light irradiation.

Intensity (a. u.)
itensity (a. u.)
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(Manuscript under communication)

Chapter 6 presents the effect of carbon dots (CDs) and presence of oxygen vacancies on the
photocatalytic properties of hydrothermally synthesized BaZrOs;-; (BZO) hollow
nanospheres. Making composites with a different weight percentage of CDs enhance the light
absorption onset of the catalysts. In addition, the high charge transfer capacity of CDs reduce
the charge carrier recombination of BZO. The photocatalytic efficacy of the compounds is
examined by photocatalytic H> generation from water reduction and methylene blue (MB)

dye degradation. In this study, 3 wt% CD_BZO (3C_BZO) shows the highest efficiency (670
iv
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umolh'g!) in photocatalytic H> production and dye degradation among all five synthesized
samples with a different loading percentage of CDs. The synergistic effect of enhancement
of light absorption along with high photogenerated charge carrier transfer efficiency in the
presence of CDs and the presence of oxygen vacancies are the reasons behind the enhanced

photocatalytic efficacy of x wt. % CDs_BZO (x = 0 — 4) under UV-visible light.

BaZrO;;_CDs

BaZrO;;

(Manuscript under communication)

Chapter 7 presents a brief overview and future scope of this thesis.

TH-1924 126122032



Chapter 1
]

Introduction

This Chapter describes the basic concepts of the photocatalytic water oxidation, water
reduction and dye degradation. The number of possible ways to enhance the photocatalytic
water oxidation and water reduction efficiency of semiconductor photocatalysts are
discussed. Brief discussions about perovskite oxides and literature survey on their
photocatalytic water oxidation and water reduction are also included.

Semiconductor

TH-1924 126122032



Anindya Sundar Patra Chapter 1

1.1 AN OVERVIEW OF ENERGY DEMAND AND HYDROGEN
PRODUCTION

Since the inception of fire to the beginning of the industrial age with the invention of steam
engine, fossil fuels or carbonaceous materials are the main resources of the power source and
human development. In the present century, increase in global population and rising living
standard ramps up energy demands. In 2015, total world energy consumption was 575
quadrillion British thermal units (Btu) whereas in 2040 the projected energy consumption
will be around 736 quadrillion Btu.! Figure 1.1(A) shows the trend of total global energy
consumption and estimated energy demand in near future and Figure 1.1(B) shows the total

global energy supply by fuel in 2015.

o | (A)

o
o
S

Energy (Quadrillion Btu)
] 8
o o

1990 2000 2010 2015 2020 2030 2040

Figure 1.1 (A) Represents the present trend of global energy consumption (in quadrillion British
thermal units) and estimated global energy demand in near future and (B) shows the total global

energy supply by fuel in 2015. (Data adapted from: (A) http://www.eia.gov/forecasts/ieo/ and (B)

http://www.iea.org/statistics/)* 2

It is projected that 77% of the energy demand of mankind in 2040 will primarily be supplied
by fossil fuels.! The burning of fossil fuels emits greenhouse gases such as; CO; and several
pollutants to the atmosphere, which are major threats to the environment. On the other hand,
fossil fuels are depleting very fast and to alleviate the rising energy demand and threats posed
by increasing pollution level, improvement of environmentally benign renewable energy
sources are keenly sought. Among several renewable energy sources, hydrogen is one of the
most promising energy carriers due to its very high energy content per unit mass and gives
away only heat and water when burned. Hydrogen can be generated in several ways and
according to the used raw materials; the processes can be sub-divided into two main

categories, such as fossil fuels and renewable energies. From fossil fuels, hydrogen can be

TH-1924_126122032 3
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Chapter 1 Anindya Sundar Patra

generated by hydrocarbon reforming and pyrolysis methods and from renewable sources,
hydrogen is produced mainly by electrochemical, photochemical, thermochemical or
biological methods from water and biomass.> ¢ Presently, almost 95% of global hydrogen
production is obtained from fossil fuels and steam reforming process is the most used method
to produce hydrogen from fossil fuels, whereas only 4% is produced from electricity and only

1% is produced from biomass.> ¢

Hydrogen produced from hydrocarbon reforming needs expensive setup, high temperature
and produce harmful CO> or CO gases. Hence, in order to produce hydrogen from the
environmentally benign process, photochemical processes are one of the viable solutions. In
photochemical processes, sunlight is one of the main components and the Sun is a most
profuse source of energy on earth. The energy reaches to the earth surface in 1 h is more than
the total energy requirement of the planet in one year (17.4 TW in 2017).”” ® Among
photochemical processes, photocatalytic hydrogen production from water is fascinating due

its simple setup, high activity, and low cost.

e
—_—

Applied
bias

S i .
e

COZ H,0
ht H,0

4 1 N
TiO, working Pt counter Electrolyte
electrode electrode

Figurel.2 Schematic representation of a photoelectrochemical water splitting cell.’

The seminal work on photoelectrochemical water splitting was reported by Honda and
Fujishima in 1972.° They have used n-type TiO» anode and Pt dark cathode in aqueous
solution. When UV light shined the TiO» electrode, photogenerated electron and holes are
produced. The water was simultaneously oxidized and reduced by the holes on the TiO>
electrode and the electrons on the Pt electrode, respectively, with the assistance of some
applied bias. This whole process is represented schematically in Figure 1.2. In 1980 first

report on powdered photocatalytic water splitting with stoichiometric H, and O, evolution

TH-19b4_ 126122032



Anindya Sundar Patra Chapter 1

was reported by Lehn and co-workers, Domen and co-workers and Sato and White.!?~!2 Since
this breakthrough, a numerous research have been conducted in semiconductor-based water

splitting in order to explore a possible solution for rising world energy crisis.'> !4

1.2 GENERAL MECHANISM FOR SEMICONDUCTOR
PHOTOCATALYSIS AND WATER SPLITTING

Semiconductors are made of non-overlapping valence band and conduction band and there is
a distinct difference between these two levels, called band gap of the semiconductor. When a
semiconductor is illuminated by light with an energy equal or more than its band gap energy
then electrons from the valence band of the semiconductor will get excited and move to its
conduction band leaving an equivalent number of holes behind in the valence band. This
phenomenon is called photoexcitation of a semiconductor. These photogenerated charge
carriers are unstable and have high tendency to recombine, giving away the input energy in
the form of heat energy without any chemical reaction. Nonetheless, the photogenerated
charge carriers with suitably high lifetime and mobility can get separated and reach the
surface of the semiconductor by avoiding recombination where they can undergo several
redox reactions with the surface adsorbed species, such as water or other organic and
inorganic moieties. These redox reactions are the preliminary steps in photocatalytic water
splitting and organic dye degradation.” Like bulk charge carrier recombination, separated
electrons and holes can get recombined near semiconductor surface also. A schematic of the

general mechanism for semiconductor photocatalysis is illustrated in Figure 1.3.

In heterogeneous photochemical water splitting, the main component is the UV—visible light
absorbing material and the photocatalysts can be used in two different reaction setups with
identical basic principle — (a) photoelectrochemical cells and (b) powdered photocatalytic
systems. In photoelectrochemical water splitting, two electrodes named as- working electrode
and counter electrode are dipped into an aqueous electrolyte solution. The working electrode
containing a film or layer of the photocatalyst is exposed to light. While, in powdered
photocatalytic water splitting, photocatalysts are suspended in water and the aqueous
suspension is irradiated with suitable light. Hence, in powdered photocatalysis configuration
each and every photocatalyst particles act as microphotoelectrodes in which both water
oxidation and reduction reactions are taking place. Although in powdered photocatalytic
water splitting process it is difficult to separate the produced H> and Oz gases which may

initiate the back reaction, still this process is advantageous over photoelectrochemical water

TH-1924 126122032
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Semiconductor

Figure 1.3 Graphical representation of the general mechanism for semiconductor photocatalysis.

splitting as the former process is easy to perform for large-scale application due the simplicity

and less expensive reaction setup than the later process.

Thermodynamically, overall water splitting into Hz and O> involving the transfer of multiple
electrons, is an uphill process as it requires high positive change in Gibb’s free energy (AG®)

of 237 kJmol ' or 1.23 eV.13
1
H,0 — H, + 7 055 AG® = +237 Kj/mol

To overcome this high-energy barrier in water splitting, photon energy and suitable
semiconductors are utilized. Therefore, the minimum required band gap of the photocatalyst
should be > 1.23 eV (A < 1000 nm) to generate H» and O; from overall water splitting. Hence,
to utilize the visible light of the solar spectrum, the band gap of the material should be less

than 3 eV. The overall water splitting process is shown below:

Photocatalyst + light — h{g + ecg
1
Oxidation: H,0 + 2hyy — 2H* + 502

Reduction: 2H* + 2ecy — H,

Overall reaction: H,0 — H, + > 0,
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In powdered photocatalytic water splitting, employed photocatalyst materials must be able to
satisfy some important properties such as- (1) absorption ability of suitable solar energy to
produce photogenerated charge carriers and separation of these charge carriers, (2)
appropriate valence band and conduction band positions for water splitting, (3) minimum
bulk and surface charge carrier recombination, and (4) photostability and stability in aqueous
solution.® Apart from these above-mentioned properties, a photocatalyst must have few
additional characteristics for efficient water splitting, such as suitable crystal structure, high
crystallinity, high surface area, optimized particle size etc. It is known that different crystal
structure of a material has different activity towards water splitting. For an example, anatase
form is more efficient than rutile TiO2 in photocatalytic water splitting under same
conditions.'* A photocatalyst with high crystallinity has less number of defect states, which
act as charge carrier recombination sites, in its lattice. A high surface area can offer more
reactive sites for surface redox reactions and can enhance the efficiency of a photocatalyst in
photocatalytic process. Another way to enhance the efficiency of a photocatalyst can be
achieved by reducing its particle size. In smaller particles, charge carriers have to travel
comparatively less distance to reach the photocatalyst surface during their lifetime to initiate
the surface redox reactions than that of their larger counterparts.'®> By adopting this approach,
the surface recombination of the charge carriers can be minimized. The particle size of the
photocatalyst should be smaller than the charge carrier diffusion length to have effective
charge carrier dynamics.'® A schematic illustration of photocatalytic water splitting on

semiconductor photocatalyst is shown in Figure 1.4.

H,

VA4
‘@
é)v(
v
S
&

Semiconductor

Figure 1.4 Schematic of photocatalytic water splitting by a semiconductor photocatalyst.
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1.2.1 Photocatalytic H2 or Oz Evolution from Water Reduction or Water Oxidation

(oxidizing agents)
Ag

Agt

Valence Band S03- Valence Band

(reducing agents)

Semiconductor Semiconductor

Figure 1.5 (A) Photocatalytic hydrogen production and (B) photocatalytic oxygen production by

semiconductors in presence of sacrificial reagents.

In artificial photosynthesis a photocatalyst can produce O; and H; from water if the valence
band maxima of the material is more positive than the redox potential of HyO/O> (1.23 V vs.
NHE) and the conduction band minima of the material is more negative than the redox
potential of H/Hz (0 V vs. NHE). The photocatalytic activity of a photocatalyst is often
evaluated in the presence of some sacrificial reagents to produce either H> or O,. These
sacrificial reagents could be electron acceptors (oxidizing reagents viz. Ag*, Fe**) or hole
acceptors (reducing agents, viz. alcohol, sulfides, sulfites, etc.). When hole-scavenging
reagents are used in water reduction reaction, the photogenerated holes are consumed by
them, thereby reduce the charge carrier recombination probability between electrons and
holes and in turn enhances the H; evolution. Similarly, when electron scavenging reagents
are used in water oxidation reaction, the photogenerated electrons are consumed by them and
thereby reducing the charge carrier recombination probability between electrons and holes
and in turn enhances the O> evolution. The schematic for the production of Hz and O in
presence of sacrificial reagents are illustrated in Figure 1.5. Although, the photocatalytically
H: and O: generation from water in the presence of sacrificial reagents are considered as half-
reactions or semi reactions of water splitting, these reagents are generally used to assess the

catalytic activity of the photocatalysts.!” ~2°
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1.2.2 Importance of Oz Production from Photocatalytic Water Splitting

Among these above mentioned two half-reactions, photocatalytic water oxidation or O
generation is one of the most challenging and even termed as the “bottleneck” of overall
photocatalytic water splitting efficiency.?! The main challenge behind the photocatalytic
water oxidation is the need of very high activation energy and four positively charged holes
at a point of time. Hence, it is very crucial to enhance O2 evolution to boost the photocatalytic

H: evolution efficiency.
1.3 STRATEGIES TO DEVELOP EFFICIENT PHOTOCATALYSTS

A wide range of metal oxide and perovskite oxide materials have been explored in recent past
for photocatalytic water splitting. Among them, some are UV light active due to their large
band gap and some are visible light active because of their small band gap. The contribution
of UV light in the solar spectrum is only ~ 4 — 6%, whereas visible light contributes almost
43% of the solar spectrum. Due to this reason, researchers are very keen to develop materials
which have their absorption onset in the visible region of the solar spectrum. In past few
decades, several methods have been developed to design and synthesize efficient visible light

active photocatalysts. The mostly used methodologies are-

1. Band gap engineering of a photocatalyst by metal or non-metal ion doping

2. Surface sensitization

3. Band gap engineering by synthesizing intermediate band gap material from a mixture
of wide band gap and narrow band gap materials

4. Enhancing H> and O; evolution by introducing cocatalysts, etc.
1.3.1 Band Gap Engineering of a Material by Metal or Non-metal Ion Doping

Band gap modulation of wide band gap semiconductors is an efficient way to develop
efficient visible light active semiconductors for photocatalytic water splitting. In an oxide
semiconductor, the valence band is mainly derived from the 2p orbital of the oxygen atom,
whereas the lower unoccupied molecular orbitals of metal cation mainly form the conduction
band. A visible light active photocatalyst can be designed by doping suitable foreign elements
onto a wide band gap semiconductor. When a wide band gap semiconductor is doped by metal
cation, an impurity energy level is formed within the forbidden band of the semiconductor
and reduce its band gap, as shown in Figure 1.6(A&B). Depending upon the nature of the
dopant, the formed impurity energy levels can serve as either donor or acceptor level within

the forbidden band gap of the semiconductor. Although the impurity levels reduce the
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Figure 1.6 Narrowing of band gap of a wide band gap semiconductor by (A — B) cation doping and
(C) anion doping.

effective band gap of a wide band gap semiconductor, sometimes these levels act as
recombination sites for photogenerated charge carriers and thereby reduce the catalytic
activity. Therefore, it is important to optimize the nature and extent of doping elements to
design an efficient photocatalyst. A considerable amount of literature is available where
enhanced photocatalytic activity has been achieved by narrowing the band gap of several wide
band gap semiconductors because of cation doping. Borgarello et al. have shown enhanced
photocatalytic hydrogen evolution from Cr’" doped TiO>.?? In a similar fashion, enhanced
photocatalytic hydrogen evolution has been reported in Ti** doped TiO2, Cu doped ZnO, Cu
doped CaTiO3, Ru, Rh, Ir doped SrTiO; systems.? ~3°

Another methodology to develop visible light active photocatalyst is doping of non-metal ion
in wide band gap semiconductor. The band gap of wide band gap oxide semiconductor can
be narrowed by partially substituting oxygen atom from the semiconductor lattice by suitable
non-metal ions (such as C, N. S. etc), In this method, the valence band edge of the
semiconductor is upshifted due to the non-metal ion doping. Narrowing of the band gap of a
wide band gap semiconductor is shown in Figure 1.6(C). Unlike metal ion doping, non-metal
ion doping forms very less number of recombination centers and found to be more effective
in photocatalysis. A number of literature are available where enhanced photocatalytic activity
has been achieved by narrowing the band gap of several wide band gap semiconductors as a
result of anion doping. Nishijima et al. has designed S doped TiO2 photocatalyst and shown
its enhanced hydrogen evolution efficiency compared to bare TiO2.>! In a similar way,
enhanced photocatalytic hydrogen evolution has been reported in N doped TiO, S, N co-
doped TiOa, Ca, N co-doped LaTiOs systems.>? ~34

TH-199} 126122032



Anindya Sundar Patra Chapter 1

1.3.2 Semiconductor Surface Sensitization

In 1991, the seminal work on dye-sensitized solar cells by O’Regan and Grétzel has emerged
a new route to design visible light active photocatalysts from wide band gap semiconductor
by dye sensitization.* ~3 Upon light irradiation, a layer of photoexcited chromophores or dye
molecules adsorbed onto the wide band gap semiconductor inject photogenerated electrons
into the conduction band of the semiconductor. By this process, the population of electrons
in the conduction band of the semiconductor enhances which triggers the photocatalysis
process. By accepting electrons from the electron donating materials in the aqueous medium,
the oxidized dye molecules are reduced and regenerated, simultaneously.*®*' A schematic of
photocatalytic water splitting from the dye-sensitized semiconductor is shown in Figure

1.7(A).

Another way to design a visible light responsive wide band gap semiconductor is by making
a composite with the semiconductor of narrow band gap — which has its conduction band
maxima at comparatively higher negative value. Upon visible light absorption, the
photoexcited narrow band gap semiconductor can inject electrons into the conduction band
of the wide band gap semiconductor, resulting in high electron population in the wide band
gap semiconductor. A schematic of photocatalytic water splitting from semiconductor
composite is shown in Figure 1.7(B). In the quest to design visible light active photocatalyst
for photocatalytic Hz production from water, several semiconductor alloys have been reported
in recent past, such as BaZrOs3-BaTaO:N, (AgNbO3)o.75(SrTi03)025, Bi203-Bi:NaTaOs,
Cr:Gd,Ti207-GdCrOs, ete. > =%

(A) ~ (B) e-
e- ! \ Dye* /Dyet _hv e- [ é;rwngIW Band
d

Conduction Ba Conduction Band

Q)% Q)%

<4 _r ,
he Dye / Dye* < Valermésand

Valence Band v h* Valence Band \,

h* h* h*

Semiconductor Semiconductor

Figure 1.7 Schematic representation of semiconductor sensitization of a wide band gap semiconductor

by (A) dye molecules and (B) narrow band gap semiconductor.
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1.3.3 Band Gap Engineering by Designing Semiconductor Alloy

V/NHE (pH 0)
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= ____________________ |
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Figure 1.8 Schematic of formation of a semiconductor alloy from a wide and narrow band gap

semiconductor.

The absorption onset of a wide band gap semiconductor can be extended to the visible light
region by forming a solid solution with a narrow band-gap semiconductor. By mixing
different proportions of wide and narrow band gap semiconductor with an alike lattice
structure, the band gap and band position of the desired semiconductor solution can be
optimized. %6~ ! Figure 1.8 depicts the formation of a solid solution from a wide and narrow
band gap semiconductor. Some examples of semiconductor solid solutions are — (Gai—

an)(lexOx), Cdxznlfxs, ZnS-AgIHSZ etC. L
1.3.4 Enhancing Hz or Oz Evolution by Introducing Cocatalysts

Instead of using some sacrificial reagents for specific half-reactions, the rate of H> and O»
evolution of most of the semiconductors are not too high due to the slow surface reaction rate
of the charge carriers. Hence, to increase the reaction rate of the charge carriers on the
photocatalyst surface, several noble metals or metal oxides are used as an efficient cocatalyst
for either H> or O2 evolution. Noble metal (Pt, Pd, Ru, Rh) loaded onto the surface of a
semiconductor can efficiently trap the photogenerated electrons which reached the
photocatalyst surface due to the lower Fermi energy level of the noble metal compared to the
photocatalyst.>> This process reduces electron-hole recombination and increase the

photocatalytic efficiency of the catalyst. Apart from noble metals, several other compounds
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Figure 1.9 Graphical representation of photocatalytic H, and O, evolution from water splitting by

employing cocatalysts.

act as efficient cocatalyst in photocatalysis process such as MoSyx, Co- Pi, FeOOH, NiO, etc.
= A schematic of photocatalytic H, and O evolution by employing cocatalysts onto a

semiconductor material is shown in Figure 1.9.
1.4 PEROVSKITE OXIDES

One popular class of binary metal oxides are inorganic perovskite materials having CaTiOs
crystal structure generally represented as ABO3, where A is a larger lanthanide, alkaline, or
rare-earth metal ion and B is a relatively smaller transition metal ion. These materials form a
three-dimensional structure. Perovskite oxides can be categorized into two classes — (1)
simple perovskites (ABO3) and (2) complex perovskites (double and layered perovskites). In
ABO:s, the larger A-site cation is 12—fold coordinated with oxygen ions, resides on the corners
of the unit cell and the smaller B-site cation is 6—fold coordinated with oxygen ions resides
at the center of the octahedron to form a BOg unit with face-sharing O atoms.*® Perovskites
are stable and fine-tuning their electronic structure is facile through incorporation of

appropriate atoms, by virtue of its structural tolerance.” The ideal perovskite oxides have the

cubic phase with Pm3m space group. A unit cell of a cubic ABOj lattice is shown in Figure
1.10. Most of the metal elements in the periodic table can form stable perovskite oxides.
Furthermore, owing to their structural tolerance, perovskite oxides can withstand a significant
amount of impurities or doping, including sub-stoichiometric oxygen in their crystal lattice,

which in turn can modify their optical property and catalytic effectiveness. ¢! A range of such
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“A” cation

Figure 1.10 Schematic illustration of a unit cell of cubic perovskite oxide.

oxide materials can be designed with structural formula A;_,AyBO5;, AB,_4B;O5 or
A;_xAyB;1_yBjy03 where, A', B are foreign elements with different oxidation state and ionic

radii and x, y are the amount of substitutions that still satisfy the tolerance factor. ®! Tolerance

factor is calculated by using the following formula

L (ra +10)
\/Z(rB + 1)

Where, ra, r8 and ro are the ionic radii of A, B and oxygen elements, respectively. When the
value of ¢ is close to 1, then ideal perovskite structure will form, whereas, when the value of

t is less than 1, then it will form distorted perovskite structures.

Apart from the ideal cubic structure, perovskite oxides can exhibit certain degrees of
distortion owing to the different ionic radii and valence of the constituent elements and ion
vacancies inside their lattice, which can form different crystal phases. This lattice distortion
has a direct impact on the physical and electronic structure of the material and which can also
influence the charge carrier formation, transport, and catalytic activity. > ~ % Typically, in
ABO;3, the valence band is derived mainly from the 2p orbitals of the oxygen atom and
conduction band is derived from the d orbitals of B atom and the extent of hybridization of
B-O depends on the electronegativity of the B atom. Hence, the nature of the B-site element
essentially controls the electronic property of a perovskite oxide, hence determines the

catalytic activity of the perovskite materials. The catalytic activity of a perovskite catalyst
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generally determined by the bond strength of B-O bond.%®~% In 1952, Parravano has reported

the catalytic activity of KNbO3, NaNbO3 and LaFeOs; in CO oxidation reaction and since then

the use of perovskite oxides in heterogeneous photocatalysis is increased.®”> 7° Recently,

numerous perovskite oxides have been synthesized and studied for their photocatalytic

properties and some of those are tabulated in Table 1.1below.

Table 1.1 Summary of photocatalytic H, and/or O evolution efficiency of some perovskite oxides

from water reduction and/or water oxidation.

Photocatalyst Preparation  O: evolution Rate H: evolution Rate Sacrificial Ref.
Method (nmol/h/g) (nmol/h/g) Reagent
NaTaOs3 HT — 36750 5% Methanol 71
NaTaO; SG 1000 2050 — 72
NaTaO; SS — 13780 50% Methanol 73
La doped NaTaOs;  SS 9660 19800 — 74
La doped NaTaOs  SS, 3470 7290 — 75
impregnation
La doped NaTaO;  SG, — 26940 10% v/v Methanol 76
impregnation
NaTa03/TaxOs Electrospinni — 1579 20 vol% Methanol 77
ng, SG
Ca, Sr, Ba doped SS 13380 27200 — 78
NaTaOs3
LiTaO3 SS 220 430 — 79
KTaOs SS 13 29 — 79
Zr doped KTaO; SS 57.4 122.3 — 80
AgTa0; SS 63.3 138 - 81
SrTiO3 SS — 28 — 82
SrTiO3 HT - 202.6 20% Methanol 83
Cr doped SrTiO3 SG, HT — 330 20% Methanol 84
Surface Ti** doped HT = 2200 25% Methanol 85
SrTiO3
Zn doped SrTiO3 SG — 732 3% Ethanol 86
Cr/La codoped HT — 1089 Methanol/NaOH 87
SI‘TiOg,
Cr/N codoped SG,HT — 2134 18.5% Methanol 88
SrTiO3
Ba doped SrTiO3/ ST — 1816.8 035 M NaS + 89
Cds 0.25 M Na,SO;
Metal oxide/CdS/ Precipitation, — 169 25% v/v Methanol 90
SrTiO3 impregnation
AgiPOy4/ SrTiO3 HT 1316 — 0.02 M AgNOs3 91
Pt/TiO,xNy/SrTiO;  SG, — 1800 25% Methanol 92
photodipositi
on
TiOy/ SrTiOs HT — 386.6" Methanol 93
Rh doped BaTiO3 SG — 308 10% Methanol 94
CaTiO; HT 20 52 0.2 M NaOH 95
AgCl/Ag/ CaTiOs HT, chemical — 226.5 Methanol 96
deposition
15
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BiFeOs HT 400 4 mM Fecl; 97
LaFeO; SG — 3315 Ethanol 98
GaFeOs SG 5 10 — 99
BaZrOs SS — 500 — 100
Ta doped BaZrO; Precipitation 450 900 — 101
Sn doped BaZrO3 SG 185 690 — 102
SrSnOs SS 113.5 227.2 — 103
CaSnOs SS 47 92 — 104
CdS/LaMnOs Reverse — 595 0.1 M Na,S + 0.5 105
micelle M Na,SO;

*HT- Hydrothermal route; ST- Solvothermal route; SG — Sol-gel route; SS — Solid-state route;

#umol/h
1.5 PHOTOCATALYTIC DYE DEGRADATION

Without clean and potable water, one cannot imagine a life in this world. The quality of water,
therefore, one of the most important factors which directly controls the quality of life of
human being as well as all living creatures on this planet. Owing to the growth of human
population and modern industries, the quality of the surface and groundwater degraded day
by day. Apart from the wastewater produced by the domestic use, industrial activity remains
the main curse behind the water contamination. One of the main cause of water contamination
by industries is the use of excessive dyes. Around 7x10° tons of dyes are annually used by
industries globally every year and among that almost 15% of dyes directly discharged as
industrial effluents. '° Hence, removal of these harmful and carcinogenic materials from
water is a challenging environmental problem.!?” Till date, numerous methods have been
tested for dye removal from water stream like adsorption, precipitation, filtration,
chlorination, ozonation, biodegradation, advanced oxidation processes etc.!? =113 Although
each of these processes have their own merits and demerits, advanced oxidation process
(AQOP) is considered to most efficient among all other methods for water remediation from
organic dyes.''* AOPs can be classified into two categories — (a) non-photochemical AOPs
and (b) photochemical AOPs. In AOP, water-soluble compounds are readily oxidized by the
in-situ formed hydroxyl radicals by the help of some oxidants (such as oxygen, hydrogen
peroxide) or suitable light source with some oxidants or suitable photocatalysts.!!>'® Among
AOP methods, photocatalytic dye degradation is fascinating to explore because of its
simplicity in design, low-cost and effectiveness. In general, the organic dyes are degraded by

the photocatalysts in photocatalysis process via the following mechanism-

1. On irradiation by light of suitable energy, electron-hole pairs are photogenerated in a
semiconductor and negatively charged electrons move to the conduction band while

positively charged holes reside in the valence band
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2. These electrons from the conduction band and holes from the valence band drifts to
the surface of the semiconductor and take part in several redox reactions with the dyes
adsorbed onto the semiconductor surface

3. The photogenerated holes (h{g) react with H>O near the catalyst surface to produce
hydroxyl (OH") radicals, while, photogenerated electrons (ecg) produce superoxide
radical anion (03")

4. These formed hydroxyl radicals combine together to generate hydrogen peroxide

5. H0z reacts with superoxide radical anion to regenerate hydroxyl ions back

6. Finally, these hydroxyl radicals, which are very strong non-selective oxidants,
discolor the adsorbed organic dyes onto the semiconductor surface by breaking them

into CO2 and water
Photocatalyst + hv — h{g + ecg
hyg + H,0 — OH" + H*
ecg + 0, — 05
OH* 4+ OH® — H,0,
H,0,+ 05 — OH"+OH™ +0,
Dye + OH* — CO, + H,0

A schematic of photocatalytic dye degradation process is presented in Figure 1.11.

Semiconductor

Figure 1.11 Schematic representation of photocatalytic dye degradation.
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1.6 MOTIVATION AND OBJECTIVE OF THE PRESENT WORK

Perovskite oxide materials are the promising candidate for photocatalytic water oxidation and
reduction owing to their appropriate electronic structure, structural flexibility towards
numerous dopants, excellent thermal and chemical stability. Nevertheless, most of the pristine
perovskite oxides suffer from either their wide band gap, which limits their light absorption
only in the ultraviolet region of the solar spectrum or poor charge carrier drift toward the
catalyst surface due to the high charge carrier recombination rate, which limits their
photocatalytic effectiveness. Hence, further improvement in the electronic structure of the
perovskite oxides is highly sought after. In this regard, the focus of present work is increasing
the efficiency of the perovskite oxides in photocatalytic water oxidation and reduction that
can be achieved by doping suitable metal ions in their crystal lattice or by coupling them with

superior charge carrier transporting materials. The main objectives of the present work are —

¢ Design and synthesis of several metal ions doped perovskite oxides for effective water
oxidation and reduction process

¢ Understanding the effect of metal ions in perovskite oxide lattice by means of the
crystal phase, electronic structure and catalytic activity

*» Investigation of the effect of oxygen stoichiometry in phase formation and overall
catalytic activities in perovskite oxides

¢ Coupling wide band gap perovskite oxide material with quantum dots to make them

visible light active

e

AS

Making composite of perovskite oxide materials with good charge carrier transporting
materials to enhance the photogenerated charge carrier separation and overall catalytic
activity

¢ To evaluate the photocatalytic water oxidation and reduction as well as organic dye

degradation of synthesized doped and hybrid perovskite oxides
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Chapter 2
]

Experimental Section

This Chapter describes the detailed synthetic procedures and characterizations of
perovskite oxide photocatalysts and its hybrid photocatalysts. This Chapter also
demonstrates the detailed experimental procedure for photocatalytic water oxidation,
water reduction and dye degradation. Descriptions of in-house build photocatalytic
reactor set up and method for apparent quantum yield (AQY) included here.
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2.1 INTRODUCTION

Synthesis of different perovskite oxides, metal ion doped perovskite oxides and their
composite with superior electron transporting material like graphene oxide (GO) and carbon
dots (CDs) are described in this chapter using conventional solid-state route, ultrasonic
dispersion and hydrothermal route, which offers product with good yields and good

crystallinity and descent photocatalytic activity.
2.2 CHEMICAL DETAILS

Lanthanum oxide (Sigma Aldrich), manganese acetate (Merck), strontium carbonate (Merck),
ruthenium oxide (Alfa Aesar), barium chloride (Merck), zirconium oxychloride octahydrate
(Sigma Aldrich), ceric ammonium nitrate (Merck), barium chloride dihydrate (Merck),
potassium hydroxide pellets (Merck), sodium sulfide (Sigma Aldrich), sodium sulfite (Sigma
Aldrich), glacial acetic acid (Merck), citric acid (Merck), ethylene diamine (Merck), graphite
powder (Loba Chemie), sodium nitrate (Merck), hydrogen peroxide (Merck), hydrochloric
acid (Merck), ammonium hydroxide (Merck), potassium permanganate (Merck), acetone
(Merck), ethanol (TMEDA). All the chemicals were used as received without any

purification.

2.3 SYNTHESIS DETAILS

2.3.1 Synthesis of La1—Sr-MnO3 (x = 0.0 — 0.5)

Strontium doped lanthanum manganites were prepared by the conventional solid-state route
by using high-purity La>O3, Mn(CH3COO), and SrCOs;. A stoichiometric amount of the
reagents were weighed accurately and ground well in an agate mortar and pestle for an hour
with the help of acetone and subsequently these homogenously mixed powder of different
compositions were kept in different alumina crucibles and kept inside a box furnace and
calcined at 1050 °C for 12 h in air at a rate of 5 °C/min. Then the compounds were cooled
down to room temperature naturally and ground again. After this process, the compounds

were calcined again for 72 h at 1050 °C with several intermediate grinding.
2.3.2 Synthesis of Graphene Oxide (GO)

Graphene oxide was prepared by Hummers method through oxidation of graphite.! Initially,
at 0 — 5 °C temperature graphite powder (0.5 g) and NaNO3 (0.5g) were mixed in 30 mL of
H2S04 (95%). After 30 min of vigorous stirring, 1.5 g of KMnO4 was added very slowly into

this reaction mixture. During the addition of KMnOQs, the temperature of the reaction mixture
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was kept lower than 15 °C. After that, the reaction mixture was vigorously stirred at 35 °C
for 7 h and added 50 mL of water into the reaction mixture and the color of the mixture turned
faded to brown. Then the temperature was raised to 98 °C and at this temperature, the reaction
mixture was stirred for another 6 h. Hence, 50 mL of water was added to this solution and
lastly to remove unreacted KMnOQOyg, if any, 1 ml of H2O2 (30 wt %) was added to the reaction
solution. To purify the reaction mixture, it was washed by centrifuging, rinsing and sonicating
with 10% HCI and deionized (DI) water for several times. After centrifugation, the product
was dried under vacuum at room temperature. In this process, the as-synthesized GO powders

form GO nano sheets upon ultrasonic treatment.
2.3.3 Synthesis of LaMni1—~Ru.O3 (x = 0.0 — 0.4)

Ruthenium doped lanthanum manganite compounds were prepared by following the
conventional solid-state route using high-purity La,O3;, Mn(CH3COO), and RuO». A
stoichiometric amount of the reagents were weighed accurately and ground well in an agate
mortar and pestle for an hour with the help of acetone and subsequently these homogenously
mixed powder of different compositions were kept in different alumina crucibles and kept
inside a box furnace and calcined at 1050 °C for 12 h in air at a rate of 5 °C/min. Then the
compounds were cooled down to room temperature naturally and ground again. Finally, the

compounds were again calcined for 72 h at 1050 °C with several intermediate grinding.
2.3.4 Synthesis of Lai—Sr«MnO3 (x = 0.0 — 0.5)/GO Composite

La;—xSrsMnOs3 (x = 0.0 — 0.5)/GO was prepared by mechanical grinding. Briefly, 0.2 g of as
prepared La;—St:MnOs3 (x = 0.0 — 0.5) compound was carefully ground with 1 wt% of as-
synthesized GO by using agate mortar pestle and the motivation behind the grinding of
La;—xSrxMnOs3 (x = 0.0 —0.5) and GO is to make uniform contact between them. The obtained
powder of La;—.Sr:MnOs3 (x = 0.0 — 0.5)/GO was used for to examine the effect of graphene

oxide on photocatalytic water oxidation.
2.3.5 Synthesis of BaZri1-.Ce,O3 (x = 0.00 — 0.04)

Cerium doped barium zirconate compounds were prepared following a modified
hydrothermal method. > The reactions were carried out in a stainless-steel autoclave with
Teflon liner at 200 ‘C and autogenous pressure. Briefly, a stoichiometric amount of
BaCl,-2H,O, ZrOCl;-8H,O and (NH4)2Ce(NO3)s were weighed according to the
stoichiometry of BaZr;—«CexO3 (x = 0.00 — 0.04) and transferred to a Teflon made autoclave

reactor. A 20 M aqueous KOH solution was prepared in a round-bottomed flask by dissolving
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a calculated amount of KOH pellets into milli-Q water. To avoid any inhomogeneous mixing
of the reagents, the as-prepared KOH solution was added to the previously taken metal salts
and filled the reactor up to 70% of its volume and vigorously stirred for 1 h. Thereafter, these
Teflon beakers were sealed inside a stainless steel jacket and kept in a pre-heated electric
oven for 24 h at 200 °C. After completion of the reaction, autoclaves were allowed to cool to
room temperature. The white precipitate was centrifuged and washed with water, dilute acetic
acid and ethanol several times to remove the impurities. Finally, the obtained purified

products were dried at 100 °C overnight.
2.3.6 Synthesis of Carbon Dots (CDs)

Water-soluble CDs were prepared by following a facile carbonation process via hydrothermal
route. > 2.1g of citric acid was dissolved in 20 mL of water in a Teflon made reactor by
continuous stirring. After complete dissolution of citric acid in water, 670 puL of ethylene
diamine was added dropwise under vigorous stirring. This solution was then placed inside a
stainless-steel jacket and kept inside a pre-heated electric oven at 200 “C for Sh. After cooling
down to room temperature, the brownish red solution was filtered through a 0.4-micron
syringe filter to separate larger particles. This filtrate was then dialyzed by using a dialysis
bag (Da = 1000) and Milli-Q water for 1 day to remove unreacted reagents. The water was
changed in every 4 h. As-synthesized CDs were collected by drying the dialyzed solution at
80 “C overnight.

2.3.7 Synthesis of Carbon Dots (CDs) BaZrO3s (BZO) Hybrid Nanomaterials

To prepare x wt% CDs BZO (x = 0 — 4) (hereinafter referred to as “xC_BZO”) hybrid
nanomaterials with a different weight percentage of carbon dots, we have taken a certain
amount of BZO in a round-bottomed flask and to it added the calculated amount of CDs.
These compounds were then dispersed in ethanol at 45 “C for 2 h by sonication. Ethanol was

removed in a rotary evaporator to collect the different hybrid compounds.

2.4 PHOTOCATALYTIC ACTIVITY EVALUATION

2.4.1 Photocatalytic Water Oxidation and Reduction

The photocatalytic oxygen evolution reaction from water was carried out in a 100 ml two
neck double-walled quartz round-bottomed flask with a water circulation through the outer
jacket to maintain the temperature within the reactor. The necks of the reactor were sealed

with rubber septum to prevent leakage of the gas produced. The reaction conditions were
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maintained at room temperature by continuous water circulation. A S00W tungsten halogen
lamp was used as the light source to conduct the photocatalytic reaction. The emission profile
of the lamp was confined in between the wavelength ranges 195 — 1100 nm. In a typical
photocatalytic experiment, 25 mg of catalyst was dispersed in 50 mL of water (in case of
La;—Sr:-MnOs (x = 0.0 — 0.5) photocatalysts, we have used 100 mg of catalyst in 25 mL of

water).

A 100 mL two-neck double walled quartz round bottomed flask was used for all the
photocatalytic H> evolution reactions. The reactor was sealed with rubber septum to prevent
gas leakage. To conduct the photocatalytic reaction, a 300 W tungsten halogen lamp was used
as the light source with emission profile in between the wavelength ranges 195 — 1100 nm.
In every photocatalytic experiment, typically 25 mg of catalyst and 0.25 M Na>S03/0.35 M
NazS mixture as a sacrificial reagent for hole scavenging was dispersed in 50 mL of water

using a magnetic stirrer.

The reactor was purged with nitrogen for 10 minutes at a flow rate of 200 mL per minute
monitored by a rotameter and consequently, the system was evacuated by a vacuum pump in
order to remove the dissolved oxygen and any other gases from inside the reactor. This
process was repeated several times before irradiating the system by a tungsten halogen lamp
placed 15 cm away from the reactor. During the irradiation, the water suspension was
constantly stirred to confirm uniform exposure of the catalyst to the light source. The gas
sample was collected every 15 minutes up to 1 hour by a ImL gastight syringe and was
analyzed by gas chromatography, using a thermal conductivity detector (TCD), Molesieve
column with nitrogen as the carrier gas. In case of La;—SrMnO3; (x = 0.0 — 0.5)
photocatalysts, we have purged N> gas for 30 minutes and collected the evolved gas by
inverted burette method. No considerable amount of gas evolution from the photoreactor was
observed in absence of either photocatalyst or light irradiation which confirms the role of the

photocatalyst in water oxidation/reduction.

The apparent quantum yield (AQY) of the photocatalysts were measured under the same

reaction condition and it was calculated using the following equation: *

AOY = Number of reacted electrons « 100%
QY = Number of incident photons °

Number of moles of 0, /2 X Number of moles of H, produced in 1 hour
= — . X 100%
Number of incident photons in 1 hour
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2.4.2 Schematic Diagram of Used Photocatalytic Reactor Setup

N, cylinder

Rotameter

Double walled reactor
Photocatalytic suspension
Magnetic stirrer

Cooling water inlet
Cooling water outlet
Light source

. Temperature sensor

0. Gas chromatograph

e i A

2.4.3 Photocatalytic Methyl Orange (MO) Dye Degradation

The dye degradation efficiency of the catalysts was analyzed by the monitoring the
absorbance of MO dye solution. The experiments were carried out in the same reactor in
which photocatalytic water oxidation was performed. MO solution at an acidic pH of 2.5 was
made by adding the calculated amount of concentrated hydrochloric acid to it. A 50 mL of
107 M of prepared MO solution was taken inside the reactor and 50 mg of catalyst was added
to it and stirred continuously for 15 minutes in dark to attain the adsorption-desorption
equilibrium. Hence, the dye mixture was illuminated by the aforesaid 500W tungsten halogen
lamp from a distance of 15 cm. Continuous water circulation through the outer jacket of the
reactor was carried out to maintain the reaction temperature at room temperature. After
illuminating the reactor, 1 ml of the dye solution was taken out from the reactor in every 5
minutes and centrifuged to settle down all the catalyst particles and the dye solution was
further filtered through a 0.45pm syringe filter. The electronic absorption spectra of the
supernatant dye solution were recorded in the range of 200 — 800 nm. The photocatalytic

degradation efficiency was calculated as follows,

. (Co—0)
Efficiency(%) = . %X 100
0

Where, Cop is the initial MB dye concentration and C is the MO dye concentration in the

filtrates at certain time after light irradiation. °
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2.4.4 Photocatalytic Methylene Blue (MB) Dye Degradation

Photocatalytic methylene blue (MB) dye degradation experiments were performed in a 100
mL round-bottom quartz flask by illuminating with a 300 W tungsten—halogen lamp kept 15
cm away from the reactor. 50 mg of the photocatalyst was dispersed in 50 mL of 10° M
aqueous MB solution for the photocatalytic dye degradation analysis. The pH of the dye
solution was adjusted to 13 by adding required amount of aqueous NHj3 solution. In order to
achieve adsorption-desorption equilibrium among the dye, catalyst particles, dissolved
oxygen, and atmospheric oxygen, the mixture was stirred for 30 minutes in the dark. During
1 h light irradiation, 2 mL of solution was collected from the photo-reactor in every 15
minutes. The collected dye solutions were centrifuged for 5 minutes to settle the suspended
photocatalysts. The electronic absorption spectra of the supernatant dye solution were
recorded in the range of 200 — 800 nm. By monitoring change in absorbance at 664 nm, the
degradation of MB dye was determined. The photocatalytic degradation efficiency was

calculated as follows,

Co—C
Efficiency(%) = % x 100
0

Where, Co 1s the initial MB dye concentration and C is the MB dye concentration in the

filtrates at certain time after light irradiation. °
2.5 CHARACTERIZATION

The synthesized compounds were characterized by using various techniques. The

instrumental techniques used in the present investigations comprise of:

1. Powder X-ray diffraction (PXRD) with Brucker D2 Phaser and Rigaku TTRAX III
X- ray diffractometer with Cu Ko radiation (a = 1.540 A) source

2. Fourier transformed infrared spectroscopic (FTIR) study was performed in a

PerkinElmer instrument at room temperature with KBr pellet

Field emission scanning electron microscopy (FE-SEM), Zeiss Sigma

Energy-dispersive X-ray (EDX) spectroscopic analysis INCA, Oxford instruments

200 kV Field emission transmission electron microscope (FE-TEM), JEOL JEM 2100

UV-visible diffuse reflectance spectroscopy (UV-Vis DRS) (JASCO V-650

A

spectrophotometer) with integrating sphere of 150 mm and BaSO4 as an internal
reflectance standard; and PerkinElmer Lambda 750 UV-visible spectrometer

7. Perkin Elmer Lambda 25 UV-visible spectrometer
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8. Photoluminescence spectra (PL) were recorded in Horiba Scientific Fluoromax-4
spectrophotometer

9. Time-resolved photoluminescence measurements (TRPL) were performed on a
LifeSpec II Edinburgh instrument

10. Electron spin resonance (ESR) spectra were measured on X-band Microwave Unit,
JES-FA200 ESR spectrometer at room temperature at 100 G amplitude (y), 9.444 GHz
microwave frequency and 100 kHz modulation frequency

11. X-ray photoelectron spectroscopy (XPS) were carried out using a Kratos AXIS Supra
photoelectron spectrometer (Used in Chapter 3&S5), a SPECS spectrometer, GmbH,
Berlin, Germany (used in Chapter 4), a PHI 5000 Versa Prob II, FEI Inc. (used in
Chapter 6) with a monochromatized X-ray source of Al-Kq (hv =1486.6 V)

12. Gas Chromatography (Varian CP 3800 GC (used in Chapter 3)/ Agilent 7890A GC
(used in Chapter 4 — 6))

13. Laser micro Raman analysis was carried out in a Horiba LabRAM HR spectrometer

with a 633 nm laser

2.6 APPARENT QUANTUM YIELD (AQY) CALCULATION

We have calculated the AQY of the photocatalysts by following a method reported by
Sasikala et al. * Total incident light intensity on the reactor was measured using an HTC
LX101A lux meter; the lux meter is placed at the center where the reactor is placed for
irradiation. Considering the uniform intensity distribution of lamp, a correction for the
difference in the area of the sensor of lux meter and the reactor surface area is evaluated. We
have evaluated the absorbance onset of all the studied photocatalysts and all these
photocatalysts show their absorbance onset within the wavelength range of 200 — (200 + n)
nm. Therefore, the fraction of light intensity only in this wavelength region (vary with
different samples) is considered for quantum efficiency calculation. The emission profile of
the lamp gives the incident light intensity in the range of 200 — 1100 nm. The energy of a
single photon of the polychromatic light source is considered as the weighted average energy
(Es) of all the photons in 200 — (200 + n) nm wavelength range. Now, the contribution of the

photon of each wavelength A; towards the total energy can be calculated as

I}\i hc

E: =
1 Itotal }\i
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where 1 is the intensity at wavelength A; and L. 1s obtained from the lamp emission profile
by adding the intensities of all photons in the wavelength range of 200 — (200 + n) nm. The

weighted average energy of single photon (E.) is calculated as

(200+n)

Again, total incident light in 1 h in the wavelength range of 200 — (200 + n) nm (En) is given
by

(Total incident light energy in 1h X Area under the curve for the wavelength
in the wavelength rangeof 200 — (200 + n) nm)
Area under the curve for the entire emission profile

En =

Total number of incident photons (N) in the wavelength range of 200 — (200 + n) nm is given

by
Em
N =2
Ea
(No. of moles of O,)or (2 X No. of moles of H,)produced in 1 h
X (6.023 x 10%3)
AQY (%) = 1
QY (%) Total number of incident photonsin 1 h %200
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Chapter 3
]

Modulating the Electronic Structure of
Lanthanum Manganite by Ruthenium
Doping for Enhanced Photocatalytic Water
Oxidation

This chapter presents the synthesis of a new B site doped lanthanum manganite, LaMn;-
xRuxO3 (x = 0.0-0.4) and its photocatalytic activity for water oxidation as well as dye
degradation. The doped compounds are composed of both rhombohedral and cubic phase
and in biphasic systems which facilitates the photo generated carrier transfer while reduce
electron hole recombination by inhibiting the back electron transfer through the interfacial
region. Rietveld refinement studies of the PXRD of the compounds confirms the reduction of
lattice distortion as well increase in Mn-O-Mn bond angle to 180" with progressive increase
in Ruthenium doping, which facilitates the charge carrier movement of the catalysts.
Variations in band gap as well as different redox reactions taking place due to doping are
studied.

e’*‘g‘“é'cp Patra etal. Phys. Chem. Phys. Chem. 2017, 19, 12167,

TH-1924 126122032




Anindya Sundar Patra Chapter 3

3.1 INTRODUCTION

To deal with the rising global energy demand, depletion of fossil fuels and rising environment
pollution due to excessive use of fossil fuels, alternate environmentally benign and renewable
energy resources are highly deemed. Energy harvesting through photocatalytic water splitting
to produce H> and O gases is a promising option. In this process, the oxygen evolution
reaction is one of the main bottlenecks that limits the overall catalytic efficiency of a catalyst."
2 To mitigate this problem, in recent past notable progress has been reported in the quest for
efficient photochemical oxygen generating catalysts.> -7 Among all, perovskite oxides have
gained lots of interest in the field of oxygen evolution reaction and oxygen reduction reaction
since the report of Meadowcroft, in 1970.% Perovskite oxides have been extensively used as
effective catalysts for hydrogen production, organic pollutant removal, automotive emission
control, hydrocarbon oxidation, removal of CO, NOx, volatile organic compounds etc.” ~ 1°
Among perovskite oxides, LaMnO3 (LMO) is one of the extensively explored material in the
field of catalysis.'® 2! The catalytic activity of LaMnOs is ascribed to the lattice vacancies or
presence of Mn (III)/Mn (IV) average valence of Mn in it.*?*> Oxygen stoichiometry also

plays an important role in maintaining the occurrence of mixed valence states of Mn (Mn

(III)/Mn (IV)) in LMO.?*

As revealed by many studies, the nature and valence of the B site cation actually control the
catalytic properties of the doped perovskite materials as the nature of the B site species
actually changes the bond strength between oxygenated species and the B site species.”® ~ 2’
In photocatalysis processes, Ru is often used as a dopant to modify the crystal structure and
electronic structure of a photocatalyst and also increase the photocatalytic activity of the
material by reducing the charge carrier recombination.® 2’ From preceding reports it is known
that ruthenium doping at the manganese site influences the crystal structure, electronic
transport properties as well as magnetic characteristics of the perovskite manganates.*® In this
chapter, to explore the role of B-site doping in LMO by Ru(IV) in structure, phase formation,
and its consequences in photocatalytic properties, we have synthesized LaMn;—.Ru.O3 (x =

0.0 — 0.4) [where, x is the partial substitution degree of ruthenium] by conventional solid-state

synthesis in air.
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3.2 EXPERIMENTAL SECTION

3.2.1 Preparation of LaMni—xRu,O3 (x = 0.0 — 0.4)

Ruthenium doped lanthanum manganite compounds were prepared by following previously
reported solid-state route using high-purity La,Os;, Mn(CH3;COO), and RuO.>' A
stoichiometric amount of the reagents were weighed accurately and ground well in an agate
mortar and pestle for an hour with the help of little acetone and subsequently these
homogenously mixed powder of the different compositions were kept in different alumina
crucibles and kept inside a box furnace and calcined at 1050 °C for 12 h. in air at a rate of 5
°C/min. Then the compounds were cooled down to room temperature naturally and ground

again. After this process, the compounds were calcined again for 72 h. at 1050 °C.

3.3 RESULTS AND DISCUSSION

3.3.1 Powder X-ray Diffraction (PXRD) Patterns and Rietveld Refinement

The crystal structure and phase purity of the materials were determined by powder X-ray
diffraction (PXRD) patterns. The diffractogram patterns of all the compositions are free from
any impurity peaks and are indexed. PXRD patterns for LaMn;—Ru,O3 photocatalysts (x =
0.0 — 0.4) have been shown in Figure 3.1. From the diffractogram, it is verified that the parent

compound LMO belongs to the rhombohedral phase with R3¢ space group (no. 167) [JCPDS
file: 36-1092]. LMO can attain different crystal phases such as cubic, orthorhombic,
rhombohedral, monoclinic or triclinic. The formation of LMO crystal phase is essentially
dependent on the synthesis protocol and calcination temperature, which alters the oxygen
stoichiometry, thereby influencing the crystal structure parameters.*> In LaMn;—,Ru,Os, Ru
should exist as Ru (IV) to fulfil the charge neutrality, however, in thombohedral LMO, Mn
exists as a mixture of two oxidation states, Mn (III) (t2g’e;') and Mn (IV) (t2g’es”) as it is
known that even without any doping in LMO, it shows wide range of oxygen over
stoichiometry leading to the formation of Mn (IV) by oxidation of some of its Mn (III).*?
Substitution of Ru in Mn sites by virtue of its availability of vacant ‘d’ orbital, has the
possibility of exhibiting two oxidation states, Ru (IV) (t2g*e:’) and Ru (V) (t2g’ec).>* The
redox potentials of Mn (III) <> Mn (IV) (1.02 eV) is comparable to that of Ru (IV) <> Ru (V)
(1.07 eV) which facilitates the mixed valence states in doped LMO viz., Ru (IV) + Mn (IV)
— Ru(V) + Mn (1I).*° The ionic radii of six coordinated Mn (III) and Mn (IV) are 65 pm and
52 pm, respectively, whereas the ionic radii of six coordinated Ru (IV) and Ru (V) are 62 pm

and 56
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Figure 3.1 Powder X-ray diffraction pattern of all the synthesized LaMn;.Ru.O; (x = 0.0 — 0.4)

catalysts.

pm, respectively. Hence, steric effect inside the crystal lattice is induced as well as lattice
constants of the crystal increases because of the large ionic size of Ru (IV) /Ru (V) compared
to that of the Mn (IIT) /Mn (IV).>® Hence, it is clear that because of these aforementioned
conversions of charge pairs, the peaks get shifted towards lower 20 value as well as the
volume of the doped materials increases progressively with higher ruthenium doping. Owing
to progressive Ru doping, LMO gains weight linearly, hence, crystal structure shifts towards
cubic phase to release the induced chemical stress inside the crystal lattice by lowering the
distortion of the octahedron.?” This is being confirmed by the obtained data from the Rietveld
refinements of the PXRD patterns of the LMO and Ru doped LMOs (Figure 3.2). Doublet of
the highest intensity peak at around 32.5" corresponding to (hkl) values (110) and (104)
gradually merged to one peak with progressive Ru doping in LMO. This phenomenon clearly
indicates the presence of a modified crystallographic symmetry in Ru doped LMO leading to

the formation of cubic phase, space group Pm3m (no. 221) as revealed by Rietveld refinement

of the PXRD patterns (Figure 3.2).

LMO crystallizes in rhombohedral structure with La, Mn and O atoms in the Wyckoff
position 6a (0, 0, 0.25), 6b (0, 0, 0) and 18e (0.44110, 0, 0.25) respectively. In the cubic Ru
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Figure 3.2 Rietveld refined PXRD profiles of the synthesized samples with nominal compositions
corresponding to the following formulas: (A) LaMnOs3, (B) LaMngoRuo. 103, (C) LaMng gRuy 203, (D)
LaMng7Ruo30;3 and (E) LaMngeRug4Os. Vertical sticks denote calculated Bragg positions for

rhombohedral and cubic phases, (F) fraction of phases in the synthesized compounds obtained by

Rietveld refinement.

doped LMO perovskite structure, the Mn atoms are in the Wyckoff position 1a (0, 0, 0), La
in 1b (0.5, 0.5, 0.5), O in 3d (0.5, 0, 0). From the Rietveld refinement of PXRD patterns of

all the catalysts, it is confirmed that the parent compound fits rhombohedral phase while with
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progressive Ru doping, there exists mixed rhombohedral and cubic phases. Figure 3.2(A — E)
shows the Rietveld refinement of the PXRD patterns of the synthesized LaMn-Ru,O3 (x =
0.0 — 0.4), whereas Figure 3.2F shows the fraction of rhombohedral and cubic phases in
LaMn;—,Ru.O3 (x = 0.0 — 0.4) obtained from Rietveld refinement. In Table 3.1, the detailed
values of refined lattice parameters, atomic positions of La, Mn/Ru and O of LaMn;-Ru,O3
(x = 0.0 — 0.4), values of Ry, Rup, Rexp and goodness of fitting (y%) are tabulated. The cell
parameters and volume of the unit cell of LMO obtained from Rietveld refinement are also
shown in Table 3.1. The cell volume of the cubic phase increases linearly with Ru doping in
LMO. In rhombohedral structure, the angle between Mn—O—Mn is 160°— 165", but in a cubic
structure, due to steric pressure induced by the ruthenium doping, it is shifted to 180°. From
the refinement of the PXRD data, we get that with an increase in Ru doping in LMO, the ratio
of rhombohedral phase to the cubic phase is decreasing proportionally and in LaMng.¢Ru0.403
the rhombohedral phase is almost decreased to 1%.

Table 3.1 Structural parameters obtained by Rietveld refinement of the powder X-ray diffraction data
of LaMn;-,Ru,O3 (x = 0.0 — 0.4) catalysts.

LaMn;-Ru,O; x=0.0 x=0.1 x=0.2 x=0.3 x=0.4

Crystal system R3c R3c+Pm3m  R3c+Pm3m  R3c+Pm3m  R3c+Pm3m

and space group

% of R3¢ phase 1 0.992 0.54 0.199 0.014
Lattice parameters (R3c)

a, A 5.526 5.527 5.539 5.541 5.542

b, A 5.526 5.527 5.539 5.541 5.542

c, A 13.350 13.352 13.356 13.337 13.319

Cell volume, A*  353.02 353.234 354.936 354.513 354.355

Lattice parameters (Pm3m)

a=b=C,A - 3.808 3.831 3.899 3.904
Cell volume, A3 - 55.204 56.230 59.263 59.481
Atomic positions (R3c¢)
La
X 0.0000 0.0000 0.0000 0.0000 0.0000
h% 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.2500 0.2500 0.2500 0.2500 0.2500
Mn/Ru
X 0.0000 0.0000 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000 0.0000 0.0000
(0)
41
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X 0.44186 0.44506 0.44707 0.42585 0.44110
y 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.2500 0.2500 0.2500 0.2500 0.2500
Atomic positions (Pm3m)
La
X - 0.5000 0.5000 0.5000 0.5000
y - 0.5000 0.5000 0.5000 0.5000
z - 0. 5000 0. 5000 0. 5000 0. 5000
Mn/Ru
X - 0.0000 0.0000 0.0000 0.0000
y - 0.0000 0.0000 0.0000 0.0000
z - 0.0000 0.0000 0.0000 0.0000
(0]
X - 0.5000 0.5000 0.5000 0.5000
b% - 0.0000 0.0000 0.0000 0.0000
z - 0.0000 0.0000 0.0000 0.0000
Ryp 31.1 24 .4 28.8 259 26.6
R, 42.2 25.3 30.2 25.5 26.4
Rexp 17.97 14.55 13.98 11.63 12.47
X2 3.0 2.81 4.26 4.96 4.56

3.3.2 X-ray Photoelectron Spectroscopy (XPS) Spectra

The surface properties as well as the different oxidation states of the constituent elements of
LaMnO3 and LaMno7Ru0303 were investigated by XPS. Figure 3.3 represents (A) XPS
survey spectra of LaMnOs, (B) deconvoluted Mn 2ps/2 peak, inset to (B) shows the Mn 2p
core level spectra, (C) deconvoluted Mn 3s core level spectra and (D) deconvoluted O 1s core
level spectra of LaMnOs3;. Whereas, Figure 3.4 represents (A) deconvoluted Mn 2p3.» peak,
inset to (A) shows the Mn 2p core level spectra, (B) deconvoluted Mn 3s core level spectra,
(C) deconvoluted O 1s core level spectra and (D) deconvoluted Ru 3ps3» spectra of
LaMno.7Ru0.303. We first analyze the Ols XPS spectrum of LaMnO3 and LaMno.7Ru030s.
Deconvolution of O 1s peak shows that this peak consists of three peaks positioned at 529.7
eV, 531 eV and 532.8 eV corresponding to the surface lattice oxygen (Oiat.), adsorbed oxygen
(Oads.viz, 07,02~ or 0%7) and adsorbed molecular water, respectively.’® Next we compare
the Mn 2p XPS spectrum of LaMnO3 and LaMno7Ru0 303 in order to obtain the oxidation
states of Mn (Figure 3.3(B) & Figure 3.4(A) respectively). It is observed that the doublet peak
energy separation (AEgg. = B.E. 2p12— B.E. 2p3) of LaMnOs is 11.3 eV which is smaller
than the value calculated (11.7 eV) for LaMno.7Ru0303. This is expected since the spin-orbit
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Figure 3.3 (A) XPS survey spectra, (B) deconvoluted Mn 2p3; peak, inset to (B) is the Mn 2p core
level spectra, (C) deconvoluted Mn 3s core level spectra and (D) deconvoluted O 1s core level spectra

of LaMnOs.

coupling constant of Ru is higher than that of Mn, as a result, the introduction of 30% Ru at
the site of Mn in LaMnO3 influences the separation of doublet peak of Mn 2p. Besides, the
Mn 2p peak is asymmetric in nature, which suggests Mn exits in the mixed valence state. For
the precise evaluation of oxidation state of Mn, we have deconvoluted the Mn 2p3, peak. It
is noted from the deconvoluted data that the Mn 2p3» peak consists of two peaks at the
position of 642.1 eV and 643.6 eV in the case of LaMnQO3 and at the position of 641.9 eV and
643.8 eV for LaMny 7Ru0303, suggesting Mn exits in mixed valence states of Mn (III) and
Mn (IV).*® Further evidence pertaining to the mixed valence state is supported by the Mn 3s
XPS data shown in Figure 3.3(C) & Figure 3.4(B) corresponding to the LaMnO3 and
LaMno 7Ru0.303, respectively. These peaks could be deconvoluted into two peaks at binding
energy (B.E.) =84 eV and 88.8 eV which proves the average oxidation state of Mn species is
about 3.4 in this compound.*® On the other hand, it is expected that Ru should also exist in

the mixed valence state for the charge neutralization of the molecule. In order to examine the
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Figure 3.4 (A) Deconvoluted Mn 2ps3; peak, inset to (A) is the Mn 2p XPS core level spectra, (B)
deconvoluted Mn 3s core level spectra, (C) deconvoluted O 1s core level spectra and (D) deconvoluted

Ru 3psp spectra of LaMng 7Rug 30s.

mixed valence Ru states, the Ru 3p core level spectrum has been investigated. In Figure
3.4(D), the data shows that Ru 3p3» XPS peak could be deconvoluted into two peaks with
B.E. = 464 eV and 466.1 eV. Such binding energy values indicate that Ru exists in the Ru
(IV) and Ru (V) oxidation states.*! From the above analysis of the XPS data, it can be
concluded that both Mn and Ru exit in mixed valence states, Mn (III) /Mn (IV) and Ru (IV)

/Ru (V).
3.3.3 Fourier Transform Infrared (FTIR) Spectra

Figure 3.5 shows the FTIR spectra of LaMn;—RuO; (x = 0.0 — 0.4). From literature, it is
known that the band at 600 cm™! corresponds to the Mn—O bond stretching mode v3 of the
MnOs octahedron with O symmetry in the LaMnO3,** and in these spectra the different
vibrational modes of other manganese oxides are not present,*> hence these synthesized

materials are all chemically pure as proven by PXRD and FTIR results.** % The band at 600
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Figure 3.5 Fourier transform infrared spectra of LaMn; .Ru,O3 (x = 0.0 — 0.4).

cm!is progressively red shifted from 600 — 610 cm™ with increase in Ru doping from x = 0.0
— 0.4 in LaMn;—Ru,O3. This phenomenon can be explained by the bond force constant.
Ruthenium is more electronegative than that of manganese, so the doping of ruthenium can

shift the Mn—O band to higher wavenumber by forming Ru—O bond.
3.3.4 Ultraviolet—visible Diffuse Reflectance Spectra and Band Gap Calculation

UV-visible diffuse reflectance spectra of all the synthesized catalysts is shown in Figure 3.6.
All the catalysts show a broad absorption feature in the whole UV-visible and extended to
some portion of near IR region, which predicts that the band gap of all the catalysts must be
lower than 1.5 eV. Figure 3.7 shows the calculated Tauc plots of the photocatalysts. To
determine the exact band gap of semiconductors by using optical absorbance data Tauc et al.

introduced a method,*® which is-

(ahv)% = A(hv — Ey)

Here, a is absorption coefficient, h is Planck's constant, v is the photon's frequency, A is a
proportionality constant and Eg is the band gap of the semiconductor. The value of the
exponent is related to the nature of the electronic transition. In LMO, there exist charge
transfer gap (CT gap), hence the value of the exponent is taken as 2.%” In the plot of (ahv)? vs.

hv, the point of intersection of the extrapolated tangent with the X-axis gives the value of the
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Figure 3.6 UV-visible diffuse reflectance spectra of LaMn; Ru,Os (x = 0.0 — 0.4).

E;. The examined calculation is a semi-empirical method, involving some ambiguity, and the
band position obtained may be slightly lacking inaccuracy. Nevertheless, the calculated

values of the band gap almost match with the previously reported values by T.Arima et.al.*’

4000

LaMnO. —— LaMn_ Ru, O, —— LaMn__Ru_.O
(A) 3 1000 (B) oRU; 4O 1000 (C) sRU, ;03
o o~ o~
€ E £
L L L
2 @ 2
) & L
<4 N o~
‘\‘;2000 752000 1 7520004
£ £ £
3 ) )
1396V 1.35eV 1.33eV
1 3 2 1 3 4 1 3 4 5 3
hv (eV) hv (eV) Y hv (eV)
— LaMn,.Ru O, ( ) —— LaMnRu, O, :
] Q-
4000 (D) 1000 E 138 F @-Band gap
o P i35 \ o
5 E St °
L L
2> S o134 —~
< L S Qo
=~ D - 132
s; 2000+ 2 20001 =
1.30
~ 1.27eV L 1.36eV a
1.28
o
r v T r r 1.26 L r r . .
1 3 4 5 1 3 4 0.0 0.1 0.2 .03 0.4
hv (eV) hv (eV) Ru(degree of substitution, x)

Figure 3.7 Tauc plot and estimated band gap values of (A) LaMnOs, (B) LaMngoRu 103, (C)
LaMnosRuo203, (D) LaMng;Ru303, (E) LaMngsRuo4O; and (F) Variation of band gap with Ru

doping in LMO.
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The band gap of the catalysts changes with a progressive increase in doping magnitude of Ru
in Mn site of LMO. It is well known from past reports that the valence band of LMO consists
of oxygen 2p orbitals, whereas the conduction band is made by Mn 3d orbitals.*®
Hybridization between metal d orbitals and oxygen 2p orbitals occur due to the similarity in
energy and spatial overlap of the metal d orbitals and oxygen 2p orbitals. The increase in
electronegativity of the metal enhances the magnitude of metal-oxygen hybridization by
shifting the metal d orbital and oxygen 2p orbital closer in energy. This strength of
hybridization controls the electronic properties of these materials.** Ruthenium is more
electronegative than manganese. Therefore, with an increase in Ru doping level in LMO
creates an additional energy level below the conduction band and lowers the band gap as well.
This lowering in the band gap is observed with gradual increase in Ru doping in LMO up to
x = 0.3. In LaMn;-Ru,O3, the number of photons absorbed by the catalysts increases with a
decrease in the band gap, which subsequently increases the electron and hole density in the
conduction band and valence band respectively. However, for LaMnosRuo4O3 a sharp
increase in band gap is observed. The enhancement of band gap in LaMno sRuo.4O3 could be
explained by the Burstein - Moss (B — M) band-filling effect.’> °! The Fermi level lies in
between the conduction band and valence band in a normal semiconductor. As soon as the
doping level exceeds a certain limit which can fill all accessible density of states beneath the
conduction band, pushes the Fermi level to higher energy and in that way eliciting an increase

in the band gap of the compound.

To understand the change in the VB and CB positions with respect to Ru doping in LMO, we
have calculated the VB maxima and CB minima of the catalysts by using the absolute
electronegativity values of the individual atoms in LaMn1-xRuxO3 (x = 0.0 — 0.4). The detailed
calculation of the band positions is shown in the next segment (3.3.5). The calculated band

position and band gap values of each catalyst are shown in Table 3.2.
3.3.5 Calculation of Band Position

The valence band position of an inorganic semiconductor can be calculated by using the

following formulas reported earlier by Xu and Schoonen,*
Eys = O xx®)es + 2B, — B¢ ()
x =3 (P + EA) (ii)
Ecg = Eyp — Ey (iii)
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Where, Evg is the valence band maxima (VBM), Ecs is the conduction band minima (CBM),
E, is the estimated band gap of the semiconductor evaluated from the Tauc plot, E° is the
energy of free electrons on the hydrogen scale (— 4.5 eV), xyand xy are the absolute
electronegativities of M and X atoms, respectively, y is the electronegativity of the individual
atoms of the multi-atomic semiconductor, calculated by using equation (ii), >> IP is the

ionization potential and EA is the electron affinity values of each atom.

Table 3.2 Calculated values of the valence band, conduction band positions, and the band gap values

of LaMn;-.Ru,O3 (x =0.0 — 0.4).

Compound Valence band Conduction band Band gap (eV)
maxima(eV) minima (eV)

LaMnO; 1.501 0.111 1.39
LaMno,gRuo,103 1.51 0.160 1.35
LaMl’lo,gRuO,203 1.529 0.199 1.33
LaMno,7Ruo,303 1.528 0.258 1.27
LaMno,eRu0,403 1.602 0.242 1.36

3.3.6 Material Morphology and Elemental Analysis

Figure 3.8 (A) FESEM image of LaMnOs, (B) EDX mapping of (A), elemental distribution of (C)
La, (D) Mn, and (E) O in (B).

The morphology of the prepared LaMnO3; and LaMno 7Ru0303 compounds was observed by
field emission scanning electron microscopic (FESEM) images. These compounds show
similar kind of morphologies with significant amount of aggregation and form large clusters
that is well known for these kind of compounds made by conventional solid-state route. The
FESEM image of LaMnO3 and LaMng 7Ru0.303 is shown in Figure 3.8(A) and Figure 3.9(A).

It is clearly visible that in these compounds the particles are aggregate to form clusters.
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Figure 3.9 (A) FESEM image of LaMng 7Ru0 303, (B) EDX mapping of (A), elemental distribution of
(C) La, (D) Mn, (E) O and (F) Ru in (B).

To check for the homogeneous elemental distribution in the compounds, energy-dispersive
X-ray (EDX) spectroscopic mapping was carried out. Figure 3.8(B) shows the elemental
distribution of the parent compound LaMnOj3 and Figure 3.8(C — E) show the distribution of
La, Mn, and O, respectively in the Figure 3.8(B) scan area. It is observed that all the elements
are evenly distributed throughout the sample. Figure 3.9(B) shows the elemental distribution
of the best performing compound LaMng 7Ru0303 and Figure 3.9(C — F) show the distribution
of La, Mn, O and Ru respectively in the Figure 3.9B scan area. It is observed that all the

elements are evenly distributed throughout the sample.
3.3.7 Photocatalytic Water Oxidation and Dye Degradation

In the artificial photosynthesis, top edge of valence band has to be more positive than the
redox potential of H>O/O; (1.23 V vs. NHE), whereas, the bottom edge of conduction band
of the photocatalyst has to be more negative than the redox potential of H/H, (0 V vs. NHE)
for efficient hydrogen and oxygen generation from water.’! It is noteworthy that in
LaMn;—Ru.O;3 (x = 0.0 — 0.4), the valence band is lying well below the oxidation potential of
H>0/0; which enables oxygen production favorably. Movement of holes to the surface
reaction sites of the photocatalyst depends on the transport phenomenon of the system. The
availability of photogenerated charge carriers in perovskite materials depends on the Mn—O—
Mn bond alignment, where the bond angle should be 180 for a feasible charge transfer. The
Rietveld refined data of the PXRD patterns of the synthesized LaMno.7Ruo 303 shows that the
main phase is cubic (80%) with only 20% of rhombohedral phase. From the Tauc plots, we
have seen that LaMng 7Ru0 303 has the lowest band gap (1.27eV) among all LaMn;-Ru,O3
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Figure 3.10 Photocatalytic oxygen production values of LaMn;-.Ru.O3 (x = 0.0 — 0.4) under visible

light irradiation and their respective AQY values.

(x = 0.0 — 0.4). A decrease in band gap enhances the amount of light absorption of the
photocatalyst, while, the presence of two different phases in a compound may facilitate the
photogenerated charge carrier transfer and reduce electron-hole recombination by inhibiting
the back electron transfer through the interfacial region.>* In this study, LaMng7Ru 303 acts
as the best performing catalyst to produce the highest amount of oxygen from water owing to
the lowest band gap and presence of 20% of rhombohedral phase along with 80% of cubic
phase, which may serve as the best interfacial barrier for electron and hole recombination
among all the synthesized catalysts. Figure 3.10 shows the photocatalytic oxygen production
and calculated AQY values of LaMn;—Ru,O3 (x = 0.0 — 0.4). LaMno.7Ru0303 shows highest
photocatalytic activity in oxygen production at a rate of 4.73 mmol/h/g in comparison to
LaMnOs (0.727 mmol/h/g), LaMnooRuo.1O3 (3.25 mmol/h/g), LaMnosRuo203 (3.97
mmol/h/g) and LaMng ¢Ru 403 (1.14 mmol/h/g). The as calculated AQY of LaMng.7Ru0.303
is ~7.43% which is also highest among all other catalysts, viz., LaMnO3 (~1.14%),
LaMno 9Ru0.103 (~5.11%), LaMng gRu0.203 (~6.24%) and LaMng.cRuo.403 (~1.79%).

In general, the photocatalytic dye degradation takes place by the following mechanism.>> >

When photocatalyst absorbs light of suitable energy, it creates photogenerated electrons (ecg)
and holes (h{g) by promoting electron from the valence band to the conduction band leaving
hole in the valence band. These photogenerated electrons and holes with sufficient lifetime

and velocity reaches to the catalyst surface to undergo redox reactions with the species near
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the surface. Photogenerated holes (hyg) react with H,O near the catalyst surface to produce
hydroxyl (OH") radicals, while, photogenerated electrons (ecg) produce superoxide radical
anion (O, 7). Hydrogen peroxide is formed by the combination of these newly formed OH’
radicals, which in turn produce OH" radicals by reacting with O, ~. And mainly these OH’

radicals are responsible for the decomposition and discoloration of the organic dye.

Figure 3.11 shows the efficiency of photocatalytic methyl orange (MO) dye degradation of
LaMn;—Ru.O3 (x = 0.0 — 0.4) at pH 2.5. It is well known that MO is a very stable dye under
normal conditions and tough to degrade or decolor it. In recent past, few research groups have
shown that in acidic pH MO dye decolors easily than in alkaline or neutral pH in the presence
of a photocatalyst.’”->® Hence, we carried out the dye degradation experiment at an acidic pH
of 2.5. The plot of ratio of residual concentration (C) to initial concentration (Co) versus time
of all the compositions are shown in Figure 3.11. Prior to illumination, the catalyst in the dye
solution was allowed to stir in the dark for 15 minutes in order to obtain adsorption-desorption
equilibrium. The decrease in concentration of the dye solution due to adsorption prior to
irradiation is plotted as —15 to 0 minutes in the time scale in Figure 3.11. The change in

concentration after irradiation is shown after 0 minute. It is observed that the dye solution is

1.0 —o— LaMnO,
—— LaMno_gRumO3
08 " LaM nO.SRUO.ZO3
—o— LaM nmRumO3
—— LaMno.eRuMO3
0.6 -
o
@)
~—~
O 041
0.2
0.0 T T T T
-15 -10 -5 0 5 10 15

Time (Minute)

Figure 3.11 Photocatalytic MO dye degradation of LaMn,;Ru,O; (x = 0.0 — 0.4) at pH 2.5.
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almost completely degraded in 15 minutes. It is seen that the catalyst with composition
LaMno 7Ru0.303 shows the highest efficiency in dye degradation which is due to the lowest
band gap as well as presence of two phases (80% of cubic and 20% of rhombohedral) which
can facilitate superior surface reactions by photogenerated carriers by suppressing the

recombination effect.
3.4 CONCLUSIONS

In summary, this work reports for the first time the synthesis of LaMn;—Ru,O3 (x = 0.0 —0.4)
and its use as a photocatalyst for water oxidation as well as dye degradation. The PXRD
results show that the doped compounds have both rhombohedral and cubic phases. Rietveld
refinement studies of the PXRD of the compounds confirm the reduction of lattice distortion
as well increase in Mn—O-Mn bond angle to 180° with a progressive increase in ruthenium
doping, which facilitates the charge carrier movement of the catalysts. Variations in band gap,
as well as different redox reactions taking place due to doping are studied. LaMno.7Ru0303
having lowest bandgap among all the synthesized catalysts and consisting of 80% cubic and
20% rhombohedral phase, shows the highest efficiency of oxygen production (at a rate of
4.73 mmol/h/g) with an AQY of 7.43 % and dye (MO) degradation.
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Chapter 4
]

Doped Lanthanum Manganite /Graphene
Oxide Composite for Efficient and Robust
Photocatalytic Water Oxidation

This chapter presents the synthesis of stable and robust La;—xSr-MnOs (x = 0.0 — 0.5) and
La;-xSriMnOs (x = 0.0 —0.5) — Graphene oxide (GO) composite and its use as a photocatalyst
for water oxidation. Sr doping in LaMnOjs creates holes or Mn (IV) in La;—xSr-MnQOs (x = 0.0
— 0.5) lattice. Owing to doping of larger Sr ions in La site in La;—SriMnQOz (x = 0.0 — 0.5)
changes its crystal structure from rhombohedral to cubic phase in higher Sr doping
concentration and thereby make the Mn — O — Mn angle ~180° in doped compounds.
Formation of holes or Mn (IV) and ~180° of Mn — O — Mn bond angle facilitates the charge
transport in these compounds. The blending of GO with La;—xSr-MnOj3 (x = 0.0 — 0.5) shows
further enhancement in photocatalytic O: evolution from water due to the good charge carrier
transport property of GO.
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Patra et al., Mater. Lett. 2014, 131, 125.
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4.1 INTRODUCTION

Lanthanum manganites, as discussed in chapter 3, are one of the possible solutions where in
maintaining proper stoichiometry within the compound is much easier owing to its thermal
and chemical stability along with the superior conductivity at room temperature and the ease
of synthesis.! The charge transport mechanism based on their density of states distribution in
valence band and conduction band of doped manganites has been well understood along with
its magnetic behavior.? Strontium doped Lanthanum manganite, La;Sr;MnOs, a mixed
valence perovskite oxide has gained enormous importance in a number of present
technologies owing to its fascinating magnetic and transport properties along with intriguing
thermal, chemical and mechanical properties. La;—.Sr;MnO; materials show room
temperature metal-insulator transition with increasing Sr doping.® These materials have been
used in solid-oxide fuel cells, magnetic sensors, catalysis, information storage,

supercapacitors and so on.* !¢

The rapid recombination of photogenerated charge carriers in photocatalysts hinder its
catalytic efficiency. Hence, combining with suitable element doping into photocatalyst lattice,
designing a photocatalyst composite with superior charge transporting material can suppress
this charge carrier recombination. Graphene and its derivative, such as graphene oxide (GO)
are superior charge transporting materials.!! Graphene oxide (GO) is a layered carbon based
hydrophilic material with various oxygen containing functional groups (hydroxyl, epoxy) on
its basal plane as well as at the edge (carboxylic acid or carbonyl groups) of its lattice.!? 17
Completely oxidized graphene oxide is an insulator whereas incompletely oxidized graphene
oxide is a semiconductor in nature and preceding reports says that the band gap of graphene
oxide is actually controlled by the aromatic (sp?) and aliphatic (sp*) domains in its structure.'®
~2% Owing to the high surface area, charge carrier separation and transport ability, GO and

graphene related materials are extensively used in photocatalytic systems.?! =2

In this chapter, to explore the role of A-site doping in LaMnO3 (LMO) by Sr (II) in phase
formation, and its consequences in photocatalytic properties, we have synthesized Laj-
St:MnO3 (x = 0.0 — 0.5) [where x is the partial substitution degree of strontium] by
conventional solid-state synthesis in ambient atmosphere. To check the improved
photocatalytic activity of La;—Sr;MnOs3 (x = 0.0 — 0.5) we have made 1wt% GO composite
of La;—Sr:MnOs (x = 0.0 — 0.5) and found that compared to La;—.Sr,MnO3 (x = 0.0 — 0.5)
photocatalysts, GO composite of La1—Sr,MnOs (x = 0.0 — 0.5) catalysts show a substantial

enhancement in the photocatalytic water oxidation.
57
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4.2 EXPERIMENTAL SECTION

4.2.1 Synthesis of La1-Sr:MnO3 (x = 0.0 — 0.5)

Strontium doped lanthanum manganites were prepared by the conventional solid-state route
by using high-purity La>O3, Mn(CH3COO), and SrCOs. A stoichiometric amount of the
reagents were weighed accurately and ground well in an agate mortar and pestle for an hour
with the help of acetone and subsequently these homogenously mixed powder of different
compositions were kept in different alumina crucibles and kept inside a box furnace and
calcined at 1050 °C for 12 h in air at a rate of 5 °C/min. Then the compounds were cooled
down to room temperature naturally and ground again. After this process, the compounds

were calcined again for 72 h at 1050 °C with several intermediate grinding.
4.2.2 Synthesis of Graphene Oxide (GO)

Graphene oxide was prepared by Hummers method through oxidation of graphite.' Initially,
at 0 — 5 °C temperature graphite powder (0.5 g) and NaNO; (0.5g) were mixed in 30 mL of
H2S04 (95%). After 30 min of vigorous stirring, 1.5 g of KMnO4 was added very slowly into
this reaction mixture. During the addition of KMnOs4, the temperature of the reaction mixture
was kept lower than 15 °C. After that, the reaction mixture was vigorously stirred at 35 °C
for 7 h and added 50 mL of water into the reaction mixture and the color of the mixture turned
faded to brown. Then the temperature was raised to 98 °C and at this temperature, the reaction
mixture was stirred for another 6 h. Hence, 50 mL of water was added to this solution and
lastly to remove unreacted KMnOys, if any, 1 ml of H>O> (30 wt %) was added to the reaction
solution. To purify the reaction mixture, it was washed by centrifuging, rinsing and sonicating
with 10% HCI and deionized (DI) water for several times. After centrifugation, the product
was dried under vacuum at room temperature. In this process, the as-synthesized GO powders
form GO nano sheets upon ultrasonic treatment. A schematic diagram of GO synthesis from

graphite is shown in Scheme 4.1.
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Scheme 4.1 Schematic representation of GO synthesis from graphite.?’
4.2.3 Synthesis of La1-.SrsMnO3 (x = 0.0 — 0.5)/GO Composite Photocatalyst

La;—StxMnOs3 (x = 0.0 — 0.5)/GO was prepared by mechanical grinding. Briefly, 0.2 g of as
prepared La;—Sr:MnOs3 (x = 0.0 — 0.5) compound was carefully ground with 1 wt% of as-
synthesized GO by using agate mortar pestle and the motivation behind the grinding of
La;-xSt;MnOs3 (x = 0.0 — 0.5) and GO is to make uniform contact between them. The obtained
powder of Laj—xSt;MnOs3 (x = 0.0 — 0.5)/GO was used for to examine the effect of graphene

oxide on photocatalytic water oxidation.

4.3 RESULTS AND DISCUSSION

4.3.1 Powder X-ray Diffraction (PXRD) Patterns

The phase purity and highly crystalline perovskite structure of the as-synthesized
La;-St;MnOs3 (x = 0.0 — 0.5) were confirmed from the powder X-ray diffraction (PXRD)
patterns of the samples. PXRD patterns for La;—Sr,MnO3 (x = 0.0 — 0.5) compounds after
calcination at 1050 °C are shown in Figure 4.1. The PXRD patterns of all as—synthesized
compounds are indexed and the diffraction patterns are free from any impurity peaks. From

the diffractogram, it is verified that the parent compound LaMnO;s; belongs to the

rhombohedral phase with R3c space group (no. 167). From preceding reports, it is known that
depending upon the reaction condition and calcination temperature, LMO can crystallize in
different crystal phases such as orthorhombic, rhombohedral, cubic, monoclinic or triclinic

symmetry owing to the different stoichiometry of oxygen atoms inside the lattice.?® »
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Figure 4.1 Powder X-ray diffraction pattern of all the synthesized La;—Sr:MnO; (x = 0.0 — 0.5)

catalysts.

In the rhombohedral phase of LMO, due to oxygen over stoichiometry, a fraction of Mn (III)
is oxidized to Mn (IV) and hence, Mn exists in two different oxidation states — Mn (III)
(t2g’es') and Mn (IV) (t2g°e,").>° The ionic radii of Sr (IT) and La (III) are 132 pm and 117 pm,
respectively, whereas, 1onic radii of six coordinated Mn (III) and Mn (IV) are 65 pm and 52
pm, respectively. However, from Figure 4.1 we can notice that with progressive Sr doping,
PXRD diffraction patterns shift towards higher diffraction angles. This could be explained by
the formation of Mn (IV) ions from Mn (III) ions with Sr doping in LMO, as reported
earlier.’!> 32 Doublet of the highest intensity peak at around 32.5" gradually merged to one
peak with progressive Sr doping in LMO. And when x > 0.4, this peak appears to be a stong
peak without any splitting. This change in peak symmetry with Sr doping clearly indicates
the presence of a modified crystallographic symmetry in Sr-doped LMO which may lead to
the formation of cubic phase, space group Pm3m (no. 221). Daengsakul e al. have also
reported similar kind of phenomena in La;—Sr:MnO; synthesized by a sol-gel route.’> The
change in crystal phase may be due to the formation of more Mn (IV) ions which reduces the

Mn — O bond strength compared to Mn (III) — O bond.**
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Figure 4.2 Powder X-ray diffraction pattern of used commercial graphite powder and as—synthesized

GO.

Figure 4.2 shows the PXRD pattern of graphite and as-synthesized graphene oxide (GO).
Commercial graphite powder showed a very strong diffraction peak at 20 = 26.8° with an
interlayer distance, d = 0.33 nm. Upon oxidation, a new broad diffraction peak is observed at
20 = 11.5° with an interlayer distance, d = 0.76 nm and the strong diffraction peak of graphite

completely disappeared, which confirms the formation of GO from graphite.
4.3.2 X-ray Photoelectron Spectroscopy (XPS) Spectra

Surface properties and the oxidation states of the component elements of LaMnOs and
Lao.7Sro.3MnOs were investigated by XPS. Figure 4.3 represents (A) XPS survey spectra (B)
deconvoluted Mn 2ps;» peak, inset to (B) shows the Mn 2p core level spectra, and (C)
deconvoluted O 1s core level spectra of LaMnOs. Figure 4.4 represents (A) XPS survey
spectra (B) deconvoluted Mn 2ps/2 peak, inset to (B) shows the Mn 2p core level spectra, (C)
deconvoluted Sr 3d spectra, and (D) deconvoluted O 1s core level spectra of Lao.7Sro3sMnOs.
Deconvolution of O 1s spectra of LaMnOs (Figure 4.3(C)) shows that this peak comprises of
three peaks positioned at 529 eV, 530.4 eV and 532.1 eV and deconvolution of O 1s spectra
of Lag.7Sro3MnOgz (Figure 4.4(D)) also shows three peaks positioned at 529.1 eV, 530.8 eV,

61
TH-1924 126122032



Chapter 4 Anindya Sundar Patra

Mn2p 203/ (B) ® Raw

5 2w o Fitting

9 a4 Background
) —~ g R —— Mn*
= = v —— Mn*
LU/ 3 660 655 650 645 640 6

B.E. (eV)

2 2
173} '
c c
8 ot
[ [

1000 800 . 600 400 200 0 648 o646 644 642 640 638 636
Binding energy (eV) Binding energy (eV)
@ Raw

—— Fitting
= Background

Intensity (a. u.)

—

535 534 533 532 531 530 529 528 527

Binding energy (eV)

Figure 4.3 (A) XPS survey spectra, (B) deconvoluted Mn 2ps; peak, inset to (B) is the Mn 2p core

level spectra, and (C) deconvoluted O 1s core level spectra of LaMnOs.

and 532.4 eV corresponding to the surface lattice oxygen (Ouat), adsorbed oxygen (Oags.Viz,
07,02~ or 037) and adsorbed molecular water, respectively.®* Then we compare the Mn 2p
XPS spectrum of LaMnOsz and Lao.7Sro3sMnOs in order to obtain the oxidation states of Mn
(Figure 4.3(B) & Figure 4.4(B), respectively). The asymmetric nature of the Mn 2p peak
indicates that Mn exits in the mixed valence state. To evaluate the oxidation state of Mn, we
have deconvoluted the Mn 2p3/, peak. It is noted from the deconvoluted data that the Mn 2ps3.»
peak consists of two peaks at the position of 642.3 eV and 643.9 eV in case of LaMnO3 and
641.5 eV and 644 eV for Lao.7Sro3MnOs3, suggesting Mn exits in mixed valence states of Mn
(IIT) and Mn (IV).* In Figure 4.4(C), data shows that Sr 3d XPS peak could be deconvoluted
into two peaks with B.E. = 132.2 eV and 134 eV attributed to Sr 3d s, and Sr 3d 35,

respectively.>®
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Figure 4.4 (A) XPS survey spectra, (B) deconvoluted Mn 2p3,; peak, inset to (B) is the Mn 2p XPS
core level spectra, (C) deconvoluted Sr 3d core level spectra, and (D) deconvoluted O 1s core level

spectra of Lag 7SrosMnQOs.
4.3.3 Ultraviolet—visible Diffuse Reflectance Spectra

The UV-visible diffused reflectance spectra of La;—,.Sr;MnO3 (x = 0.0 — 0.5) was shown in
Figure 4.5. From these spectra, it is clear that these photocatalysts don’t have absorption onset
in the wavelength range of 200 — 800 nm investigated in this work and absorb whole UV-
visible light as well as a portion of near infra-red light. Therefore, these compounds have very
small band gap like metallic materials, less than 1.5 eV (800 nm) and could act as very good
photocatalyst under UV as well as visible light. Inset to Figure 4.5 shows the UV-Vis diffused
reflectance spectra of La;—Sr:MnO3 (x = 0.0 — 0.5) — GO composites and we did not observe
any change in the absorption profile from the as-synthesized La;—Sr;MnO; (x = 0.0 — 0.5)
compounds. From this spectra, it can be stated that GO does not alter the absorption profile

of the as-synthesized La;—Sr:MnO3 (x = 0.0 — 0.5) photocatalysts.
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Figure 4.5 UV-visible diffuse reflectance spectra of La;—.Sr;MnOs (x = 0.0 — 0.5).

4.3.4 Field Emission Transmission Electron Microscopic (FETEM) Image and

Elemental Analysis

EDS Layered Image 2

(B)

Mn Kal O Kal

(D)

Figure 4.6 (A) EDX mapping of LaMnO3, (B) elemental distribution of La, (C) Mn, and (D) O in (A).
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Figure 4.7 (A & B) Field Emission Transmission Electron Microscopic (FETEM) image of
Lao 7Sro3MnOs — GO composite, (C) EDX mapping of Lag 7Sro3sMnOs — GO composite (D) elemental
distribution of La, (E) Mn, (F) Sr, (G) O and (H) O in (C).

To check the homogeneous elemental distribution in compounds, energy-dispersive X-ray
(EDX) spectroscopic mapping was carried out. Figure 4.6(A) shows the elemental
distribution of the parent compound LaMnOs; and Figure 4.6(B — D) show the distribution of
La, Mn, and O, respectively in the Figure 4.6(A) scan area. It is observed that all the elements
are evenly distributed throughout the sample. Figure 4.7(C) shows the elemental distribution
of the best performing compound Lag.7Sr03MnO3; — GO and Figure 4.7(D — H) show the
distribution of La, Mn, O, Sr and C respectively in the Figure 4.7B scan area. It is observed
that all the elements are evenly distributed throughout the sample. Figure 4.7(A — B) represent
the field emission transmission electron microscopic (FETEM) image of Lao.7Sro3MnO3 —
GO composite and from these images the characteristic wrinkle of GO is clearly seen which

proves the presence of GO sheet in Lag.7St0.3MnO3 — GO.
4.3.5 Room Temperature Resistivity Measurement

Since the catalyst acts as a sink or source of electrons in catalyzed redox reactions, for the
optimum performance, suitable conductivity within the catalyst is important. Four probe
resistivity measurements for the as-synthesized La;-StyMnOs3 (x = 0.0 — 0.5) compounds with
variable doping concentration of Sr are recorded at room temperature. From the resistivity
plot shown in Figure 4.8, it should be noted that the resistivity of LaMnOj increases initially

from 0.166 Q cm to 80 €2 cm in Lag9Sro.1MnO3 , then decreases with an increase in Sr doping
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Figure 4.8 Room temperature resistivity values of La;.Sr.MnQO; photocatalyst (x = 0.0 — 0.5).

concentration from x = 0.1 to 0.3, but the trend does not hold with further increase in dopant
level from x = 0.3 to 0.5. The lowest resistivity is obtained for x = 0.3. The low resistivity in
LaMnOs; may be due to presence of oxygen over stoichiometry. Decrease in resistivity from
80 Q2 cm to 0.118 Q cm can be correlated to the progressive increase in oxidation state of Mn
from (II) to (IV) in La; +SrMnO3 compounds due to Sr doping.’” The decrease in resistivity
of La;—Sr,MnO3 (x = 0.0 — 0.5) occurs due to the more conductive nature of Mn (IV) as
compared to Mn (IIT) and due to the existence of double exchange mechanism between two
Mn (IIT) and Mn (IV) via 0%~ ions. *® A similar kind of resistivity trend has been reported by
Nagabhushana et al.>*

4.3.6 Photocatalytic Water Oxidation

For efficient hydrogen and oxygen generation from water, the bottom level of the conduction
band of the photocatalysts has to be more negative than the redox potential of H/H> (0 V vs.
NHE, pH = 0) while the top level of the valence band has to be more positive than the redox
potential of O2/H20 (1.23 V vs. NHE, pH = 0).*° So, the theoretical minimum band gap for
water splitting is 1.23 eV. It is well known that the valence band of lanthanum manganites
mainly consists of O 2p orbital contribution whereas the conduction band mainly consists of
Mn 3d orbital contribution.*! It is interesting to note that the valence band is lying well below

the oxidation potential of H>O/O> which facilitates oxygen production preferentially.
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Figure 4.9 Photocatalytic O; production from water oxidation by La;—.Sr;MnQO3 (x = 0.0 — 0.5) and
La;-.Sr,MnOs (x = 0.0 — 0.5) — GO photocatalysts and inset shows the calculated AQY values.

Migration of holes to the surface reaction site of the photocatalyst depends on the transport
phenomenon of the system. The transport properties of the doped perovskites are strongly
dependent on the Mn—O-Mn alignment, wherein the bond angle should ideally be 180° for
enhanced conductivity. Progressive doping of strontium into the lanthanum manganite causes
the bond angle to change from 150° (x = 0.0) to 180° (x = 0.3) due to the internal chemical
pressure; which allows maximum electron conductance in the system. With further doping of
strontium; i.e. x > 0.3, the bond angle moves towards 150" causing the hindrance to the
migration of electron/ holes in the system. The four probe resistivity values of the lanthanum
manganites showing a minimum resistivity of 0.118 Q cm for x = 0.3 strontium doping.
Doping of strontium in the lanthanum site facilitates the formation of an equivalent amount
of holes (Mn (IV)) inducing the conduction pathway, which helps the formed charges to
migrate to the surface of the reaction site to oxidize water. The cumulative effect of maximum
conductance and hole formation leads to the enhanced photocatalytic oxygen generation in
Lao.7Sr03MnOs. From the photoelectron spectroscopic measurements, the energy level of O
2p lies 6 eV below the Fermi level, which is equivalent to 1.56 eV vs NHE, whereas the Mn

3d level lies around 4.5 eV below the Fermi level.*' With increase in the concentration of
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strontium, the bond angle between Mn—O—Mn reaches to optimum 180" to facilitate the

conduction of holes to the surface through the oxygen orbital of the valence band.

Figure 4.9 shows the photocatalytic oxygen production and calculated AQY values of
La;—xSrsMnOs3 (x = 0.0 — 0.5) and La;—Sr:MnOs3 (x = 0.0 — 0.5) — GO photocatalysts. We have
found that Lao7Sro.3MnQOs is the best performing photocatalyst and produce oxygen at a rate
0f3.398 mmol/h/g (AQY ~ 7.2%) in comparison to LaMnO3 (0.826 mmol/h/g, AQY ~ 1.8%),
Lag.9Sro.1MnOs3 (1.100 mmol/h/g, AQY ~ 2.4%), LaosSro2MnOs3 (1.257 mmol/h/g, AQY ~
2.7%), Lao.6Sr0.4MnOs (1.648 mmol/h/g, AQY ~ 3.5%) and Lao.5SrosMnOs3 (1.570 mmol/h/g,
AQY ~ 3.4%) . Additionally, introduction of GO into the system enhances the charge
separation due to the ability of GO to readily accept the electrons thereby separating the
electrons and holes efficiently and hence increases photocatalytic oxygen production.
Lao.7Sro3MnO3; — GO shows highest photocatalytic activity in oxygen production at a rate of
3.707 mmol/h/g (AQY ~ 8%) in comparison to LaMnO3; — GO (1.530 mmol/h/g, AQY ~
3.3%), Lap.9Sro.1MnO3 — GO (1.530 mmol/h/g, AQY ~ 3.3%), Lao.sSrooMnO3; — GO (1.765
mmol/h/g, AQY ~ 3.8%), LaoeSr04MnO3 — GO (1.921 mmol/h/g, AQY ~ 4.1%) and
Lag.5Sro.sMnO3; — GO (1.843 mmol/h/g, AQY ~ 4%).

4.4 CONCLUSIONS

In summary, this work reports the synthesis of stable and robust La;—.St;MnOs (x = 0.0 — 0.5)
and La;—Sr;MnOs (x = 0.0 — 0.5) — GO composite and its use as a photocatalyst for water
oxidation. Sr doping in LMO creates holes or Mn (IV) in La;—St:-MnO3 (x = 0.0 — 0.5) lattice.
Owing to doping of larger Sr ions in La site, the crystal phase of La;-StyMnO3 (x = 0.0 — 0.5)
changes from rhombohedral to cubic in higher Sr doping concentration and thereby makes
the Mn—O—-Mn angle ~180° in doped compounds. Formation of holes or Mn (IV) and ~180°
of Mn—O-Mn bond angle facilitates the charge transport in these compounds. As
Lao.7Sr03MnOs3 photocatalyst has lowest resistivity among all La;—.St:MnO3 (x = 0.0 — 0.5)
photocatalysts, it gives highest amount of O evolution from water oxidation (3.398
mmol/h/g, AQY ~ 7.2%). A blending of GO with La;—Sr:MnO3 (x = 0.0 — 0.5) shows further
enhancement in photocatalytic Oz evolution from water due to the good charge carrier
transport property of GO and Lao.7Sr03MnO3; — GO shows highest photocatalytic activity in
oxygen production at a rate of 3.707 mmol/h/g with ~ 8% of AQY.
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Chapter 5
]

Synergistic Effect of Cerium Doping and
Oxygen Vacancies in Photocatalytic
Hydrogen Production Efficiency of BaZr03-s
Hollow Nanospheres

This Chapter illustrates the synergistic effect of oxygen vacancies and cerium doping in
photocatalytic water reduction of a template free hydrothermally synthesized of B site Ce
doped barium zirconate hollow nanospheres, BaZr;-.CexOs-s (x = 0.00 — 0.04). Lattice
disorder, oxygen vacancies and substituting Zr ions by Ce ions alter the electronic structure
of BaZrOs-s; compounds, resulting in their increase in photocatalytic efficiencies.
Photocatalytic efficiencies of BaZr;-.CexOz-s (x = 0.00 — 0.04) compounds further increased
by reducing lattice disorder and oxygen vacancies — which act as charge carrier trap states,
by calcining at ambient atmosphere.
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5.1 INTRODUCTION

Among several studied perovskite oxide photocatalysts, barium zirconate, BaZrO3 (BZO), a
typical wide band gap cubic perovskite oxide, is a promising material with a wide range of
technological applications in modern industries.! ~3 BZO has been studied extensively due to
its high conductivity and ability to host wide range of dopants into it. In recent times, Yuan
et al. have reported BZO as an efficient photocatalyst for photocatalytic hydrogen production
from water without the assistance of any cocatalysts.* In order to enhance the visible-light
absorption of such wide band gap materials, several attempts have been made to modify their
band positions by incorporating metal or anion dopants and creating oxygen vacancies into
the lattice.> Surface oxygen vacancies act as trap states for photo-induced charge carriers,
reducing the probability of electron-hole recombination, whereas, bulk oxygen vacancies act
as photogenerated charge recombination centers and thus play a crucial role in
photocatalysis.® 7 Moreover, trap states induce mid-gap energy levels in the material and

thereby allow fine tuning of the electronic structure.®

Efficient utilization of incident sunlight by the semiconductor could be one effective way to
enhance the catalytic activity of a photocatalyst material. Literature reports have shown that
structures with suitable inner voids can contribute to the incident light absorption by multiple
reflections and scattering inside the voids.® For example, in case of TiO2, a hollow—sphere
morphology is known to exhibit a superior photocatalytic effect compared to its dense
counterpart.' Thus, morphological modification to generate hollow nanospheres can

contribute to enhanced light absorption.

To enhance the photocatalytic activity of BZO material a number of attempts have been made
in past few years, such as, Zou et al. have reported that Sn(IV) doped BZO shows enhanced
photocatalytic hydrogen production because of the reduction in band gap energy through
altering the density of states in the vicinity of the conduction band, which changes the charge-
carrier excitation process in BZO.!! Similarly, Diaz-Torres et al. have reported enhanced
photocatalytic activity from Bi-doped BZO due to the shift in absorption onset toward the

visible light.!?

Furthermore, lanthanide elements can be used as electron acceptor dopants in
wide band gap semiconductors, which results in a shift in the absorption onset toward the
visible spectral region.!*> Among the lanthanide elements, cerium is one of the most favorable
choices due to its low cost and formation of a stable Ce(II1)/Ce(IV) redox couple in oxidizing
and reducing conditions. It is reported that the Ce(Ill)/Ce(IV) couple whose different

electronic configurations of 4f15d%41°5d° can introduce diverse optical properties and
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improve electron-hole pair separation in doped photocatalysts.'* Additionally, this
combination of ions result in increased oxygen vacancies in compounds which could be
beneficial for the photocatalytic efficiency of a material.'” These advantages motivated us to
synthesize hollow nanospheres of BaZr;—Ce,O3, where x = 0.00 — 0.04 and “x” denotes the
partial degree of Ce substitution, to gain an understanding on the effect of Ce on the crystal

structure and optical and photocatalytic properties of BZO.

5.2 EXPERIMENTAL SECTION

5.2.1 Preparation of BaZri-CexO3 (x = 0.00 — 0.04)

Cerium doped barium zirconate compounds were prepared following a modified
hydrothermal method.'® The reactions were carried out in a stainless-steel autoclave with
Teflon liner at 200 'C and autogenous pressure. Briefly, a stoichiometric amount of
BaCl;-:2H,0, ZrOCl;:8H,O and (NH4)2Ce(NO3)s were weighed according to the
stoichiometry of BaZr;—Ce O3 (x = 0.00 — 0.04) and transferred to a Teflon made autoclave
reactor. A 20 M aqueous KOH solution was prepared in a round bottomed flask by dissolving
a calculated amount of KOH pellets into milli-Q water. To avoid any inhomogeneous mixing
of the reagents, the as-prepared KOH solution was added to the previously taken metal salts
and filled the reactor up to 70% of its volume and vigorously stirred for 1 h. Thereafter, these
Teflon beakers were sealed inside a stainless steel jacket and kept in a pre-heated electric
oven for 24 h at 200 °C. After completion of the reaction, autoclaves were allowed to cool to
room temperature. The white precipitate was centrifuged and washed with water, dilute acetic
acid and ethanol several times to remove the impurities. Finally, the obtained purified

products were dried at 100 “C overnight.

5.3 RESULTS AND DISCUSSION

5.3.1 Powder X-ray Diffraction (PXRD) Patterns

Phase purity and crystal structure of the as-synthesized materials were determined by PXRD.
Well-indexed PXRD patterns in the 20 range of 20° — 80° for BaZr;—Ce,O3 (x = 0.00 — 0.04)

photocatalysts are shown in Figure 5.1(A). From the diffractogram patterns it is verified that

all the compounds belong to the cubic phase with Pm3m space group (no. 221) [JCPDS file
No0.06-0399]. The PXRD patterns of the parent compound BZO and Ce doped BZO are free
from any discernable impurity peaks or peaks for CeO: (20 =28.5°,47.7°, 56.6°), which were
not observed in the Ce-doped BZO compositions and supports the successful doping of Ce in
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BZO. Figure 5.1(B) shows a gradual shifting of (110) diffraction peaks toward lower values
in the 20 range of 29.6" — 30.6". This can be explained based on the ionic radii of Ce(III) /
Ce(IV) (101 pm/87 pm), which are larger than that of Zr(IV) (72 pm) in an octahedral
environment. Hence, doping of Ce at Zr sites expands the unit cell volume and shifts the 26

value in the PXRD patterns toward lower values.

In order to understand the effect of Ce doping on the crystal structure, lattice parameters, and
unit cell volume, we performed Rietveld refinement of the PXRD diffraction patterns of
BaZr;—Ce O3 (x = 0.00 — 0.04) compounds. In the cubic BZO and Ce-doped BZO perovskite
structures, the Ba atoms are in the Wyckoff position 1b (0.5, 0.5, 0.5), Zr/Ce in 1a (0, 0, 0)
and O in 3d (0.5, 0, 0). Figure 5.2(A — E) shows the Rietveld refined PXRD pattern of
BaZr;-xCe O3 (x = 0.00 — 0.04) catalysts. These data indicate that the compounds crystallize
in cubic phase and with an increase in Ce doping in BZO, the cell parameters and unit cell
volume increase linearly. Figure 5.2(F) displays the variation of lattice parameters and cell
volume with Ce doping concentration in BZO. As we have mentioned earlier that due to the
size difference between cerium and zirconium, the unit cell volume of doped compounds

increases compared to the parent BZO.

(A) (B) :
Bazro.gﬁce0,04o3 “ Bazr0.96ce0.0403
A L L A A ~ '
’-'\ /7 “‘ Bazr0.97ce0.0303
- —Bazr, Ce O.| S B
< Jl . W A A :
~ ~ f
b l — Bazr,Ce, .0, a ' — Bazr,,Ce,,0,
8 8 — BaZrCe, O,
C Baz r0 9gce0.0103 C |
A L A A A Al .
g o - _o BazrO, . —— BazrO,
(=] — C> o :
: AR R W -
20 30 40 50 60 70 80 29.6 29.8 30.0 30.2 304 30.6
20 (Degree) 20 (Degree)

Figure 5.1 Powder X-ray diffraction patterns of BaZr; «Ce,O3; (x = 0.00 — 0.04). (A) Full scale, (B)
enlarged within 26 = 29.6° — 30.6°.
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Figure 5.2 Rietveld refined PXRD profile of the as-synthesized (A — E) BaZrOs;, BaZr.99Ce.01053,
BaZr 9sCe0.0203, BaZr97Ce0.0303 and BaZrj96Ce0.0403. Blue line in the bottom shows the difference
between observed and calculated values and vertical sticks in olive color denote calculated Bragg

positions for cubic phases in the Rietveld refined plot. (F) Variation of lattice parameters and cell

volume with Ce doping concentration in BZO.
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Table 5.1 Structural parameters obtained by Rietveld refinement of the powder X-ray diffraction data

of BaZr-«Ce,O3 (x = 0.00 — 0.04) catalysts.

BaZr,..Ce.O; x=0.00 x=0.01 x=0.02 x=0.03 x=0.04
Crystal system cubic cubic cubic cubic cubic
Space group Pm3m Pm3m Pm3m Pm3m Pm3m
a, A 4.2046 4.2057 4.2064 4.20769 4.20853
b, A 4.2046 4.2057 4.2064 4.20769 4.20853
c, A 4.2046 4.2057 4.2064 4.20769 4.20853
Cell volume, 74.333 74.391 74.429 74.495 74.540
(A%
Atomic positions
Ba
X 0.5000 0.5000 0.5000 0.5000 0.5000
y 0.5000 0.5000 0.5000 0.5000 0.5000
z 0.5000 0.5000 0.5000 0.5000 0.5000
Zr/Ce
x 0.0000 0.0000 0.0000 0.0000 0.0000
v 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000 0.0000 0.0000
0]
x 0.5000 0.5000 0.5000 0.5000 0.5000
v 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000 0.0000 0.0000
Rwp 21.6 17.1 20.3 16.0 20.2
Rp 221 16.5 235 14.3 18.8
Rexp 12.66 8.62 12.68 9.22 10.43
v 291 3.92 2.56 3.0 3.74

Hence, from Figure 5.2(F) it is proved that we have successfully prepared Ce doped BZO

samples with different atom% of Ce. In Table 5.1, the comprehensive values of the refined

lattice parameters, unit cell volume, goodness of fit (%?), Rp, Rwp, Rexp and atomic positions

of Ba, Zr/Ce and O of BaZr; «CexOs3 (x = 0.00 — 0.04) are tabulated.

TH-1924 126122032
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5.3.2 Material Morphology and Elemental Analysis

Figure 5.3 (A) FESEM image of BaZry.97Ceo.0303, inset to trace (A) shows higher magnified FESEM
image, (B) FETEM image of BaZro¢7Ce0.0303, inset to trace (B) shows FETEM image of a single
hollow nanosphere, (C) high-resolution TEM (HRTEM) image of BaZro¢7Ce0.0303 and (D) inverse
fast Fourier transformed (IFFT) of the HRTEM image of BaZr(97Ce0.030s. Inset to trace (D) shows
the selected area energy diffraction (SAED) patterns of BaZro.97Ce0.0303 hollow nanospheres.

Figure 5.3(A) shows field emission scanning electron microscopic (FESEM) image of
BaZr.97Ce0.0303 hollow nanosphere. The FESEM images reveal that as-synthesized
BaZro.97Ce0.0303 particles are more or less spherical and a higher magnified image [inset to
Figure 5.3(A)] shows the presence of a hollow structure. Figure 5.3(B) shows field emission
transmission electron microscopic (FETEM) image of BaZro.97Ce0.0303 hollow nanosphere.
Particle diameters are found to be ~150 — 200 nm. The hollow nature of the particles can be
evidenced from the inset of Figure 5.3(B), which is the FETEM image of an individual
particle and shows a sharp contrast between the dark edge and the bright region. The HRTEM

image of BaZr 97Ce0.0303 (Figure 5.3(C)) shows the repeated uniform lattice fringes. Figure

78
TH-1924 126122032



Anindya Sundar Patra Chapter 5

5.3(D) shows the IFFT of the HRTEM image where the obtained spacing of the lattice fringes
(d-spacing) is ~0.29 nm and can be assigned to the (110) lattice plane of the cubic phase of
BaZr.97Ce0.0303 consistent with the fact that cubic BZO usually exposes its [110] facet due
to that being a lower energy surface.!” The inset to Figure 5.3(D) shows the SAED patterns
of the BaZro.97Ce0.0303 hollow nanospheres. The TEM as well as FESEM images prove the

hollow nature of the product.

The formation of hollow nanospheres in hydrothermal synthesis could be explained in three
different steps, viz. hydrolysis of precursors, nucleation, and growth process.'® All steps are
controlled by the course of the reaction and reaction conditions. Owing to the highly alkaline
synthesis conditions (pH = 14), barium, zirconium and cerium salts undergo hydrolysis to
form corresponding hydroxides in the reaction medium. Here, KOH acts as a mineralizer and
these metal hydroxides act as monomers of the desired product. During the course of the
reaction, the solubility of the salts increases and they react to form a supersaturated sol-like
suspension, which favors nucleation to generate very small product particulates by
suppressing the grain-growth process. It is known that the pH of the solution, the temperature
of the system, and time of the reaction catalyzes the rate of nucleation.'” Since, the
nanoparticles have high surface energy, they have the tendency to form agglomerates under
the influence of van der Waals forces. This growth process of BZO follows hydrolysis or
decomposition of metal hydroxide monomers. This process avoids the high surface energy
and proceeds until an electrostatic barrier layer is established.!” In the course of 24 h, hollow
nanospheres are created by an Ostwald ripening process. Ostwald ripening has been widely
used to synthesize many hollow inorganic nanostructures by wet chemical routes.?* 2!
Ostwald ripening is a well-known physical phenomenon in the field of crystal growth and it
is related to the recrystallization process in solution phase. Like in the nucleation rate, the
reaction temperature and the concentration of the alkaline solution plays a vital role in this
final step. In the low reaction temperature and less alkaline conditions only partially hollow
or dense nanoparticles are forms as reported by Z. Dong et al.'® 22 Here the formation of a
typical spherical structure of BZO can be attributed to adsorbed hydroxyl groups on the
surface of the particles under the highly alkaline condition.?® Scheme 5.1 illustrates step-wise
formation mechanism for BZO hollow nanospheres. The decomposition or dehydration

pathway can be explained by the following plausible reaction mechanism -
[Ba?*(OH);]™ + [Zr**(OH), ™ = BaZrO; + 3H,0
[Ba?*(OH);]™ + [Zr** (OH); 17—, + [Ce** (OH);]2 = BaZr;_,Ce,05 + 3H,0
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Scheme 5.1 Schematic representation of the formation of BZO hollow nanospheres in the
hydrothermal process, showing stepwise formation of hollow nanospheres through hydrolysis of the
constituent reagents in the presence of alkaline solution, formation of nanoparticles by nucleation,
aggregation of the nanoparticles to form solid large spherical particles followed by hollow spheres

through the Ostwald ripening process.

The above mentioned dehydration process is slow in a superheated and supersaturated
solution and may withhold a fraction of OH™and H>O in BZO and form a defective crystal.**
During the dehydration process some of the OH™ occupying the surface oxygen sites in BZO

are released which leads to the formation of defective crystals with oxygen vacancies.

EDX mapping was performed to examine the elemental distribution in the synthesized
compounds. Figure 5.4(A) shows the elemental distribution of the parent compound, BaZrOs
and Figure 5.4(B — D) shows the distribution of Ba, Zr, and O, respectively in the scan area
from panel A. It can be noticed that all the elements are uniformly distributed all over the
sample. Figure 5.5(A) shows the elemental distribution of the best performing catalyst,
BaZrp97Ce0.0303 and Figure 5.5(B — E) shows the distribution of Ba, Zr, O and Ce,
respectively in the scan area from panel A. It can be noticed that all the elements are also

uniformly distributed all over the sample.

80
TH-1924 126122032



Anindya Sundar Patra Chapter 5

25um 25um

Figure 5.4 (A) EDX mapping of BaZrOs, elemental distribution of (B) Ba, (C) Zr and (D) O in (A).

Ba Lal

Figure 5.5 (A) EDX mapping of BaZro97Ce.030;3, elemental distribution of (B) Ba, (C) Zr, (D) O and
(E) Cein (A).

5.3.3 Ultraviolet-visible Diffuse Reflectance Spectra and Band Gap Calculation

The photocatalytic effectiveness of a material is predominantly dependent on its light

absorbing capability and therefore its band gap structure. The UV—Vis DRS of the as-
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Figure 5.6 UV-visible diffuse reflectance spectra of as-synthesized BaZr;-.Ce.O3 (x = 0.00 — 0.04)
catalysts. The graphical image in the inset demonstrates the different phenomena responsible for the

absorbance in different regions of the electromagnetic spectrum.

synthesized catalysts are shown in Figure 5.6 within the wavelength range of 200 — 800 nm.
A major peak at around 230 nm is observed which can be assigned to a band-to-band
transition and a band tail with an absorption extended beyond 400 nm is observed which is
reasonably assigned to the presence of lattice defects, which are known to give rise to a band
tail in the absorption spectrum.” As we have stated before, in BZO oxygen vacancies and
different types of structural and electronic disorders are created due to poor oxygen
atmosphere or by the removal of oxygen atoms by de-hydroxylation in BZO.* ~?7 Different
types of structural and electronic disorders are represented in Kroger-Vink notation as
[ZrOg]*, [ZrOs. V§], [ZrOs. V], and [ZrOs. V;*] where, [ZrOg]* symbolizes the normal six-
coordinate Zr octahedron, [ZrOs.Vy] denotes penta-coordinate Zr with two electrons,
[ZrOs.V;] is with one unpaired electron and [ZrOs. V'] with no trapped electrons.?® Here,

[ZrO4]* denotes normal octahedra and [ZrO4]’ acts as a donor.?®

In the Ce-doped materials, the intensity of band tail absorption peak is observed to be
increased with doping percentage. With an increase in Ce doping concentration from x = 0.0
— 0.04, the absorption onset of the doped compounds are slightly red shifted. It is well known
that the conduction band of BZO is predominantly formed by Zr 3d orbitals, whereas the

valence band is made of O 2p orbitals.!! The presence of oxygen vacancies and structural
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Figure 5.7 Tauc plot and calculated band gap of as-synthesized BaZr; «Ce,O3 (x = 0.00 — 0.04)

catalysts.

disordered states can form additional mid-gap energy levels in the BaZri_«Ce.O3 (x = 0.00 —
0.04) lattice. From preceding reports we know that surface oxygen vacancies with a pair of
free trapped electrons form an additional mid-gap adjacent to the valence band whereas
oxygen vacancies with zero trapped electrons form an additional mid-gap state adjacent to
the conduction band of the material and paramagnetic oxygen vacancies with one unpaired
trapped electron form mid-gap states with in the band gap of the material.”” Owing to the
presence of Ce in Ce (III)/Ce (IV) mixed oxidation states, it creates an additional impurity
level within the band gap of BZO which act as electron acceptor/trap centers leading to
enhanced light absorption and charge separation.’® We have calculated the band gap of all the
compounds by the Tauc method and shown in Figure 5.7.3! From Figure 5.7, we have
observed that the band gap of parent BZO is 2.37 eV and with Ce doping the band gap of the

materials decreased linearly.
5.3.4 X-ray Photoelectron Spectroscopy (XPS) Spectra

To gain a better understanding about the core-level electronic structure of the constituent
elements as well as the surface properties of as-synthesized compounds, XPS analyses were
performed. A typical survey spectrum of BaZr97Ceo.0303 is presented in Figure 5.8(C),
which shows the presence of all elements, viz., Ba, Zr, O and Ce. Figure 5.8(A) shows the

high resolution XPS spectra of Ba 3d of BZO and BaZr¢.97Ce0.0303, respectively. The Ba 3d
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Figure 5.8 XPS spectra of (A) Ba 3d of BaZrOs; and BaZr¢7Ceo.0303, (B) Zr 3d of BaZrO; and

BaZro97Ce0.030;, (C) survey spectrum of BaZroo/CeoosOs and (D) Ce 3d core levels of
BaZro.97Ce0.030s.

core level XPS spectra of BZO appears at a binding energy (B. E.) of 781.18 eV and 796.48
eV, which corresponds to the Ba 3ds/> and Ba 3d3/2 respectively. Ba 3d core level XPS spectra
of BaZro.97Ce0.0303 appears at 780.38 eV and 795.68 eV, corresponding to Ba 3ds» and Ba
3ds respectively. Although the peak positions little deviated from the previously reported
values, the peak separation energy between the two peaks in the Ba 3d doublet (AEg. k. = B.
E. 3d3» — B. E. 3dsp2) is found to be ~15.3 eV, which supports our peak assignment.*? Zr 3d
XPS spectra of BaZrO3z and BaZr.97Ce0.0303 are shown in Figure 5.8(B). This peak can be
deconvoluted into three peaks with binding energies of 179.88 eV, 183.48 eV and 185.82 eV
for BaZrOs and 178.88 eV, 182.57 eV and 184.89 eV for BaZr(.97Ce0.0303 corresponding to
Ba 4p, Zr 3ds;2 and Zr 3dsp, respectively.®® Although the peak positions little deviated from
the previously reported values, the peak separation energy between the two peaks in the Zr
3d doublet (AEg. . = B. E. 3d3» — B. E. 3ds)2) is found to be ~2.3 eV, which supports our peak
assignment.>? The XPS spectra of Ce 3d of BaZro97Ce0.0303 is shown in Figure 5.8(D). Due
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to a very low concentration of Ce in BaZr.97Ce0.0303, the shape of the spectra is not as distinct
as for pure CeO,. The Ce 3d XPS spectral analysis is complicated due to spin-orbit coupling
between Ce 4f and O 2p electrons, leading to the structured peaks.** Many reports have shown
that Ce 3d spectra can consist of eight peaks with four pairs of spin-orbit coupling

contributions, viz. u/v, u'/v', u"/v" and u"'/v"', where u and v symbolize two sets of spin-orbital
multiplets, viz. Ce 3ds» and Ce 3ds, respectively.>* 2> From the preceding reports, the u'/v'
bands arise in the Ce 3d spectrum for Ce(III) 3ds» and Ce(III) 3ds/, respectively. The other
three pairs of peaks are generated from spin-orbit coupling for Ce(IV) 3ds2 and Ce(IV) 3d3.
In this spectra, the fraction of Ce(III) present can be evaluated by dividing the total integrated
peak intensity for Ce(III) by that due to both Ce(IV) and Ce(11I).%® Here, we found that the
fraction of Ce(II) in BaZro.97Ce0.0303 is 20%. From this analysis, it is clear that in Ce-doped
BZO samples, Ce exists in a mixed valence state of Ce(IIl) and Ce(IV). Consequently, to
neutralize the charge imbalance in doped compounds due to the formation of Ce(IIl),
additional oxygen vacancies are created.’”: 3® Progressive increase in the intensity of the
absorption band tail in the UV-Vis DRS is also an evidence that the cerium doping has a

direct impact on the increase in oxygen vacancies.

To investigate the presence of oxygen vacancies we analyzed the high-resolution XPS spectra
of O s as shown in Figure 5.9(A). Deconvolution of an asymmetric shaped O s peak of
BZO shows two peaks positioned at 531.71 eV and 533.54 eV corresponding to lattice oxygen

(Orat.) and adsorbed oxygen (Oags.) in the oxygen deficient region within the compound matrix
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Figure 5.9 O 1s core level XPS spectra of BaZrOs and BaZrg97Ce0.0303, (A) before and (B) after
annealing in air at 700 °C for 2 h.
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and surface H,O, respectively.’® The two fitted deconvoluted bands of O 1s peak for
BaZro.97Ce0.0303 appear at 530.61 eV and 532.73 eV. The area under the fitted band of non-
lattice oxygen (Oads.) in BaZro.97Ce0.0303 is larger than that of BaZrO3 suggesting that with Ce
doping, the number of oxygen vacancy increases in the doped BaZrOs, complimented by the
UV-Vis DRS data of the as-synthesized compounds in Figure 5.6. The Ba 3d, O 1s, and Zr
3d peaks are all shifted to lower energy in the Ce-doped compounds compared to the undoped
BZO. The spectral shifts in XPS are attributed to the change in chemical environment around
the Ba, Zr, O in the Ce doped compounds due the larger size of Ce(IV) and its decreased

electronegativity as compared to Zr(IV).!!: 4

We have calcined all the compounds at 700 ‘C in a box furnace under air for 2h to further
support our claim of oxygen vacancies. It is known that oxygen vacancies of a compound
could be moderately reduced by calcining at an elevated temperature under air or oxygen
atmosphere.*! The high-resolution O 1s core level XPS spectra of the calcined products are
shown in Figure 5.9(B). It is clear that after calcination, the intensity of the peak
corresponding to the oxygen vacancy reduces due to the partial filling up of oxygen vacancies

by atmospheric oxygen.

5.3.5 Electron Spin Resonance (ESR) Spectra

\___/\/' — B ro_%C(:.'OlMO3

BaZr0_97Ce O

0.03~3

/T /
: w
s
> BaZ r0.98(360.02()3
=
8 S s
Q — BaZr,,Ce, O,
c
BaZrO,
T L T T
320 340 360 380 400

Magnetic field (mT)

Figure 5.10 Room temperature ESR spectra of as-synthesized BaZr—Ce:O3; (x = 0.00 — 0.04)

catalysts.
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One of the key parameters proposed to control photocatalytic activity in our materials is the
concentration of oxygen vacancies. Hence, it is important to understand the nature of oxygen
vacancies that are present in doped BZO. There is literature precedent that suggests that there
are three different types of oxygen vacancies that can be present in a compound: neutral with
two free electrons, singly ionized with one free electron, and doubly ionized with no free
electrons.*’ Taking advantage of the spin state, the nature of the oxygen species in these
compounds can be analyzed by the ESR technique. As the singly ionized oxygen vacancy has
only one unpaired electron, it gives rise to a strong ESR signal. Therefore, we performed
room-temperature ESR measurements of all as-synthesized compounds and the data is
presented in Figure 5.10. From Figure 5.10, we observe that the BZO and Ce-doped BZO
compositions show a peak at around g-tensor value of 2.005, which is due to the singly ionized
paramagnetic oxygen vacancies (V).** In doped compounds, Ce(IV) ions cannot give rise to
a resonance peak under magnetic field as their outer electrons are paired but Ce(IIl) ions have
unpaired electrons in their outer shell, which can give rise to a resonance peak under magnetic
field. However, in this analysis, we could not find any characteristic peak of Ce(IIl) in doped
samples, which might be due to the weak crystal field of Ce(Ill) owing to the shielding effect

created by the outer electrons.
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Figure 5.11 Room temperature ESR spectra of BaZr; .Ce O3 (x = 0.00 — 0.04) catalysts calcined at
700°C for 2h under air.
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To check the presence of oxygen vacancies in calcined photocatalysts, we performed ESR
analysis on all compounds and observed a sharp peak at around g-tensor value of ~2.005,
corresponding to the singly ionized paramagnetic oxygen vacancies (Figure 5.11). These
results from XPS and ESR indicate that all the photocatalysts retain oxygen vacancies in their
structure even after calcination at 700 °C for 2 h under air. Hence, from these above findings
we can say that all the compounds in this study are suffered from ordered-disordered type of
lattice defects with considerable amount of oxygen vacancies. The presence of these defects

could be represented by Kroger-Vink notation,**
[ZrOg]* + [ZrOs. V3] — [ZrOg]" + [ZrOs. V3]
[ZrOg]* + [ZrOs. V5] — [ZrOg]" + [ZrOs. V']
[Zr0Os. V3] + % 0, — [ZrOg]

5.3.6 XPS Valence Band Spectra

° BaZr0_97Ce O

0.0373

2.45

Intensity (a. u.)

Band tail

Blpnding énergy zeV)

Figure 5.12 XPS valence band spectra of BaZrO; and BaZr 97Ce0.0303.

Experimentally the position of valence band maxima of a material can be derived by fitting
the XPS valence band spectra. The XPS valence band spectra of BaZrO3 and BaZro.97Ce0.0303
are shown in Figure 5.12, where we see that with doping, the position of valence band is
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shifted towards lower binding energy. This shift in valence band maxima in Ce-doped
materials clearly indicates the formation of a defect/impurity band next to the valence band.
The band tail in both the spectra reveals the presence of lattice disorder in the compounds.*
The enhanced light absorption of BaZr-.Ce,O3 (x = 0.00 — 0.04) compounds can be explained
by the electronic transition from the valence band tail to oxygen vacancies to the conduction
band or to the impurity level due to cerium doping beneath the conduction band. We have
calculated the valence band and conduction band positions of all the compounds (Table 5.2)
and found that the band positions are also changing with Ce doping as we have found in XPS

valence band spectra.
5.3.7 Calculation of Band Position

The valence band position of an inorganic semiconductor can be interpreted according to the

following formulas as proposed by Xu and Schoonen,*®

1
U '
Eyg = (XMaXxb)a+b + EEg — E® .. (1)
x =3 (IP+EA) ... (i)
Ecg = Eyp — Eg O (1))

Here, Evs denotes the valence band maxima (VBM), Ecg denotes the conduction band
minima (CBM), E is the band gap of the semiconductor calculated from Tauc plot, E° stands
for energy of free electrons on the hydrogen scale (— 4.5 eV), xm and xx are the absolute
electronegativities of M and X atoms, respectively. y is the electronegativity of the individual
atoms of the multi-atomic semiconductor, calculated using equation (ii), IP is the ionization

potential and EA is the electron affinity values of each atom.

The IP values for Ba, Zr, O and Ce atoms are 5.211 eV, 6.633 eV, 13.6 eV and 5.538 eV,
respectively. While the EA values of Ba, Zr, O and Ce atoms are 0.144 eV, 0.427 eV, 1.46
eV and 0.57 eV, respectively. From equation (ii), the calculated absolute electronegativity
values of Ba, Zr, O and Ce are 2.672 eV, 3.515 eV, 7.535 eV and 3.035 eV, respectively.
Hence, the calculated absolute electronegativity values of BaZrOs;, BaZr.99Ceo.0103,
BaZro.98Ce0.0203, BaZro97Ce0.0303 and BaZroosCe.0403 as the geometric mean of the
electronegativity values for each of the constituent atoms are 5.258 eV, 5.256 eV, 5.254 eV,
5.253 eV and 5.251 eV, respectively. The valence band maxima and conduction band minima

calculated by using equations (i) and (ii1) are shown in Table 5.2.
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Table 5.2 Calculated values of valence band maxima, conduction band minima and band gap of

BaZr,.Ce,0s (x = 0.00 — 0.04).

Compound Valence band maxima Conduction band minima Band gap (eV)
(eV) (eV)

BaZrO; 1.943 -0.427 2.37
BaZr.99Ce0.0103 1.916 -0.404 2.32
BaZro.08Ce0.0203 1.879 -0.371 2.25
BaZr.97Ce0.0303 1.848 -0.342 2.19
BaZr.96Ce0.0403 1.821 -0.319 2.14

5.3.8 Photocatalytic Hydrogen Production

Ultraviolet-visible radiation assisted H» evolution from water by BaZr;-Ce,O3 (x = 0.00 —
0.04) photocatalysts were analyzed in the presence of 0.25 M Na>S03/0.35 M NaxS mixture
as the sacrificial reagent for photogenerated holes. The data are shown in Figure 5.13, and
clearly indicate that photocatalytic Hz production efficiency in Ce doped BZO is higher than
that of the BZO and BaZr.07Ce0.0303 shows highest photocatalytic efficacy among all the
catalysts. The valence band maxima of the photocatalysts is more positive than the H>O/O»
reduction potential and the conduction band minima is more negative than the Ho/H" redox
potential.!: ® Upon photo-excitation of the semiconductor by light of suitable energy, photo-
generated electrons and holes are produced. These photogenerated charge carriers may diffuse
to the surface of the catalyst where they react with the reactants. It is well known that during
photocatalytic H> evolution, the reduction of photogenerated holes by using a sacrificial
reagent can enhance its efficiency as the sacrificial reagent can consume the photogenerated
holes in the valence band of the semiconductor and leaves the photogenerated electrons in the
conduction band, which in turn reduces the charge carrier recombination and thereby

enhances the charge separation.*’*3

In this work, the amount of H» gas produced by as-synthesized BZO is 316 pmol per hour per
gram. Compared to parent BZO, the Ce doped BZO photocatalysts exhibit superior catalytic
activity, inferring the beneficial role of Ce-doping in BZO. The improved H> production

efficacy can be attributed to the change in electronic structure and enhanced light absorption
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Hydrogen production (umol/h/g)

BaZrOs BaZrogCeo0:0s BaZrossCeo020s BaZrogsiCeoos0s  BaZrossCep 0403
I As-synthesized photocatalysts

B Calcined photocatalysts

Figure 5.13 Rate of photocatalytic hydrogen gas evolution of BaZr-.Ce,O3 (x = 0.00 — 0.04) catalysts
under UV-visible light irradiation with 0.25 M Na>S05/0.35 M Na,S mixture as sacrificial reagent.

of the catalysts in the visible light regime after Ce doping. From Figure 5.13 we note that in
as-synthesized compounds, 3 atom% is the optimal Ce doping concentration for the highest
amount of H» gas evolution (545 pmol/h/g), whereas, BaZro.99Ceo.0103, BaZro.9sCe0.0203 and
BaZro96Ce0.0403 produces 349 pmol/h/g, 412 pmol/h/g and 456 pmol/h/g of H» gas
respectively. The calculated AQY values of H> production of as-synthesized BZO,
BaZro.99Ce0.0103, BaZro.9sCe0.0203, BaZro.97Ce0.0303 and BaZroo6Ce0.0403 are 2.3%, 2.6%,
3%, 4% and 3.3% respectively. It is observed that beyond 3 atom% Ce doping, the H> gas
production efficacy decreases which can be explained by the formation of defect states which
act as a charge carrier recombination site.*” After calcination at 700 “C for 2 h under air the
efficiency of all the catalysts increased to 405 upmol/h/g (BZO), 482 pmol/h/g
(BaZro.99Ce0.0103), 570 pmol/h/g (BaZro.98Ce0.0203), 823 umol/h/g (BaZro.97Ce0.0303) and 684
umol/h/g (BaZro.96Ce0.0403). The calculated AQY values of H> production of calcined BZO,
BaZro.09Ce0.0103, BaZro9sCe0.0203, BaZro97Ce0.0303 and BaZro96Ce0.0403 are 3%, 3.5%,
4.2%, 6% and 5% respectively. From the O 1s XPS spectra and ESR analysis, we have found
that even after calcination the catalysts possess certain amount of oxygen vacancies in their
lattice. Therefore, the increase in photocatalytic efficiency in these catalysts after calcination

could be due to the reduction of crystal defects and increase in crystallinity.
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5.4 CONCLUSIONS

In summary, barium zirconate and cerium doped barium zirconate hollow spheres have been
successfully synthesized using a low-temperature template-free hydrothermal method. All the
compounds show cubic phase with a high range of crystallinity. The as-synthesized
compounds produced hydrogen upon illumination without any co-catalysts but in the
presence of sacrificial donor molecules. As found from UV-Vis DRS, XPS and ESR analysis,
the presence of disordered lattice, oxygen vacancies and cerium doping play a critical role in
enhancing the photocatalytic activity in the ultraviolet-visible region. BaZro.97Ce.0303 among
all the as-synthesized compounds, BaZr;-.Ce,O3 (x = 0.00 — 0.04), shows the highest

efficiency in hydrogen gas production concomitant with oxidation of a sacrificial donor.
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Chapter 6
]

Synergistic Effect of Upconversion
Luminescent Carbon Dots and Oxygen
Vacancies in Enhancing the Photocatalytic
Efficiency of Stable BaZr0sz-s Hollow
Nanospheres.

This Chapter illustrates a hybrid nanomaterial of carbon dots (CDs)—barium zirconate
hollow spheres (BaZrOs-5), XCDs_ BaZOz-5 (x = 0 — 4) and their photocatalytic activity.
Presence of oxygen vacancies, disordered states and upconversion photoluminescence
property of CDs shift the absorbance onset of BaZO; s towards longer wavelength.
Compared to bare BaZrOs-s, CDs incorporated onto BaZrO;-s; shows enhancement in
hydrogen production and efficient methylene blue (MB) dye degradation owing to the
upconversion photoluminescence property and high photogenerated charge transfer
capability of CDs.

Manuscript under communication
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6.1 INTRODUCTION

Recently, fluorescent carbon nanoparticles, referred to as carbon dots (CDs) herein, a new
class of carbon-based zero-dimensional (< 10 nm) material have gained massive attention in
numerous research areas like photocatalysis, photovoltaics, sensing, bioimaging,
optoelectronics etc. owing to its ease in synthesis, processing and functionalization, low cost,
low toxicity, high water solubility, exceptional photoinduced electron transfer ability, high
surface area and so on.!~’ Because of these properties, CDs have been considered as a suitable
replacement for organic dyes and semiconductor quantum dots.® CDs show tuneable
absorbance and luminescence properties because of its surface modification. Apart from
general downconversion fluorescence properties, where the photoluminescence (PL)
emission wavelength is longer than the excitation wavelength, some CDs also exhibit special
type of optical properties called upconversion photoluminescence (UCPL) wherein it emits
at shorter wavelength when excited at longer wavelength.” Owing to its UCPL properties,
CDs can enhance the light absorption of a semiconductor to visible or even near-IR region.'°
From preceding works, it has been found that the introduction of CDs onto a photocatalyst
can enhance its light absorption as well as photogenerated charge carrier separation.!! To
date, there are several reports of enhanced photocatalytic activity of CDs incorporated
photocatalysts, such as, Yu et al. showed enhanced photocatalytic H> production by carbon
quantum dots/TiO2 composites, Song et al. reported enhanced photocatalytic rhodamine B
dye degradation by carbon nano dots/WOs3 photocatalysts, Wang et al. reported enhanced
overall water splitting and dye degradation by carbon dots/Ti102 nanotube arrays, Tang et al.

showed enhanced methylene blue dye degradation by carbon dots/BiVO4 composites.'> 1

The first step in photocatalysis involves light assisted excitation process, therefore, by
improving the light absorbance in the visible region of the solar spectrum and efficiently
separating the photogenerated carriers, the photocatalytic efficiency of wide band gap
materials like BaZrOs could be improved. It is known that carbon-based nanomaterials can
pave an efficient way to channelize the flow of photogenerated carriers owing to their superior
electron accepting and transport properties.!! So, the photocatalytic efficiency of a
semiconductor could be increased through the design of a composite with carbon-based
nanomaterial. In this chapter, we have synthesized CDs and BaZrOs; (BZO) hollow
nanospheres by a facile hydrothermal process and their composites varying the amount of
CDs by dispersion method. The best performing hybrid photocatalyst has been assessed by
the photocatalytic H> generation rate and methylene blue (MB) dye degradation efficiency.
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6.2 EXPERIMENTAL SECTION

6.2.1 Preparation of Carbon Dots (CDs)

Water-soluble CDs were prepared by following a facile carbonation process via hydrothermal
route.'® 2.1g of citric acid was dissolved in 20 mL of water in a Teflon made reactor by
continuous stirring. After complete dissolution of citric acid in water, 670 pL of ethylene
diamine was added dropwise under vigorous stirring. This solution was then placed inside a
stainless steel jacket and kept inside a pre-heated electric oven at 200 “C for Sh. After cooling
down to room temperature, the brownish red solution was filtered through a 0.4-micron
syringe filter to separate larger particles. This filtrate was then dialyzed by using a dialysis
bag (Da = 1000) and Milli-Q water for 1 day to remove unreacted reagents. The water was
changed in every 4 h. As-synthesized CDs were collected by drying the dialyzed solution at
80 °C overnight.

6.2.2 Preparation of BaZrO3-; (BZO)

Barium zirconate hollow spheres were prepared by following a modified hydrothermal
method.!” The reactions were carried out in a stainless-steel autoclave with Teflon liner at 200
°C and autogenous pressure. Initially, 20 M KOH aqueous solution was prepared in a round-
bottom flask. This aqueous solution was kept under constant stirring until it attained room
temperature. Then, a stoichiometric amount of BaClz- 2H>0 and ZrOClz- 8H20 were mixed
with the as-prepared KOH aqueous solution in a 100 mL Teflon made reactor. The solution
was vigorously stirred for 1h and then sealed inside a stainless-steel autoclave and heated
inside an electric oven at 200 "C for 24 h. The autoclave was allowed to cool down to room
temperature naturally after the reaction. To remove the impurities, the obtained white
precipitate of BZO was centrifuged and washed several times by water, dilute acetic acid and

ethanol. Finally, the washed BZO was dried at 100 °C inside an electric oven for overnight.
6.2.3 Preparation of CDs_BZO Hybrid Nanomaterials

To prepare x wt% CDs BZO (x = 0 — 4) (hereinafter referred to as “xC_BZO”) hybrid
nanomaterials with a different weight percentage of carbon dots, we have taken a certain
amount of BZO in a round-bottomed flask and to it added the calculated amount of CDs.
These compounds were then dispersed in ethanol at 45 “C for 2 h by sonication. Ethanol was

removed in a rotary evaporator to collect the different hybrid compounds.
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6.3 RESULTS AND DISCUSSION

6.3.1 Powder X-ray Diffraction (PXRD) Patterns
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Figure 6.1 Powder X-ray diffractogram of (A) carbon dots and (B) xC BZO (x = 0 — 4) hybrid

nanomaterials.

Crystal structure and phase of the as-synthesized CDs and xC_ BZO (x = 0 — 4) hybrid
nanomaterials were determined by powder X-ray diffraction (PXRD) patterns. The PXRD
pattern of CDs are shown in Figure 6.1(A) and it exhibits one broad peak centered at ~ 25°
and one less intense peak at ~ 42° which can be assigned to (002) and (101) planes of a highly
disordered graphitic carbon, respectively.!® Figure 6.1(B) shows the PXRD pattern of bare
BZO and xC_BZO (x = 1 — 4) hybrid nanomaterials. It is well observed that BZO is free from
any impurity peaks and can be indexed to the cubic phase with Pm3m space group (no. 221)
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[JCPDS file No.06-0399]. In the hybrid compounds, we cannot find any peak of carbon dots,
which may be because of very low content of carbon dots in the hybrid compounds and very
high crystallinity of BZO compared to CDs.!” We did not notice any PXRD peak shifting of
the bare and hybrid compounds that affirm the phase and structural retention of BZO in the
hybrid compounds.

6.3.2 Fourier Transform Infrared (FTIR) Spectrum

The presence of different functional groups in the as-synthesized CDs is confirmed by its FT-
IR analysis as shown in Figure 6.2. A broad peak at ~ 3150 — 3750 cm™' is attributed to the
stretching frequency of —O—H and —N-H, peak at ~ 2940 cm™! correspond to the sp>~C—H

stretching frequency Two strong peaks at 1650 cm™ and 1558 cm™ could be because of

=>C=0 stretching and -N-H bending frequencies of secondary amines respectively. The
different weak peaks at 1441 cm™, 1375 cm™, 1291 cm™ and 1048 cm™ could be attributed to

different functional groups like sp? carbon, -C—N and —O—H respectively.

— CDs
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=N-H
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Figure 6.2 Fourier transform infrared spectrum of as-synthesized CDs.
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The presence of hydroxyl, amines and carbonyl groups ensure high solubility of CDs in
water.?® Presence of different groups like sp? carbon, secondary amines and carbonyl groups

prove the formation of polyaromatic structures during the synthesis of CDs.?!
6.3.3 Raman Spectrum

Raman spectroscopy is a useful technique to differentiate the ordered and disordered phases
of CDs. From the Raman spectra in Figure 6.3, we notice two different peaks at 1325 cm’!
and 1548 cm’!, corresponding to the D band and G band respectively. The D band appears
due to out of plane stretching vibration of sp? carbon atoms of the disordered states, whereas
the G band arises from in-plane stretching vibration of sp? carbon atoms inside the ordered
aromatic region.”? Hence, as the D band corresponds to the amount of disordered states or
defect sites and G band correspond to the amount of ordered states inside CDs, a ratio of peak
intensities between these two bands, i.e. In/Ig can give an idea to evaluate the extent of defects
in it.>> After fitting these two peaks by Gaussian distribution, we have found the ratio of In/Ig

is 1.17 revealing considerable amount of defects sites in the as-synthesized CDs.
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Figure 6.3 Raman spectrum of as-synthesized CDs.
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6.3.4 Ultraviolet-visible Absorbance and Photoluminescence Spectra

To investigate the optical absorption profile of CDs, we have analyzed the UV-visible
spectrum of the as-synthesized CDs in aqueous solution. From Figure 6.4 it can be seen that
the absorption spectrum of CDs consists of three distinct regions, — a strong absorption peak
at ~240 nm, another intense strong peak at ~340 nm and a weak and broad band at around
445 nm extended up to 600 nm. The high-energy UV absorption at ~240 nm, less intense peak
at 340 nm and the broad band peak extended in the visible region are attributed to the n—m*
transition of sp? hybridized carbons, n—n* transition of carbon lattice and different surface
states of the surface functional groups in the n—* band gap, respectively.?*2° Upon excitation
at 340 nm, the aqueous solution shows a strong PL emission peak centered at 460 nm, which

indicates that the CDs are fluorescent in nature.

—— Absorbance
—o— Emission

Normalized absorbance
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Figure 6.4 Absorbance spectrum and emission spectrum excited at 340 nm wavelength of as-

synthesized CDs in aqueous solution.
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Figure 6.5 (A) Downconversion photoluminescence spectra of CDs with 40 nm increment. Inset to
(A) is normalized spectra and (B) Upconversion photoluminescence spectra of CDs with 50 nm

increments. Inset to (B) is normalized spectra.

To further investigate the detailed optical properties of the as-synthesized CDs,
photoluminescence (PL) studies were performed with variable wavelengths. Figure 6.5(A)
shows the excitation-dependent PL spectra of as-synthesized CDs recorded at different
excitation wavelengths (Aex) with 40 nm increments from 320 nm to 480 nm in water. With
the increase in excitation wavelength, the emission maxima progressively shifts towards the
longer wavelength and after excitation wavelength exceeds 360 nm, the emission intensity
decreases. The reason behind the PL of CDs is not fully understood yet. The excitation

wavelength dependent PL of CDs could be due to several reasons, such as different size
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distribution, excitons of carbons, emissive traps, free zig-zag sites, the presence of

heteroatoms, surface defects etc.?%?’

Significantly, apart from strong PL properties, these as-synthesized CDs show remarkable
upconversion PL properties. Figure 6.5(B) shows the PL spectra of CDs when excited by low
energy light (700 - 850 nm). It is found that the upconverted emission is located at 445 — 500
nm. Here, this upconversion PL property of CDs could be due to the multiphoton process.®
Hence, upconversion PL property of as-synthesized CDs could be useful in designing an
efficient photocatalyst with a wide band gap material as the coupling of these CDs onto the

photocatalyst can utilize a wide spectral range.
6.3.5 Material Morphology and Elemental Analysis

Figure 6.6(A) shows the Field-emission transmission electron microscopic (FETEM) image
of'a BZO hollow nanosphere. The contrast difference between dark edge and light core of the
BZO sphere proves the hollow nature of the spherical

Figure 6.6 FETEM image of (A) BZO hollow nanosphere (B) high-resolution TEM (HRTEM) image
of BZO hollow spheres. Inset to (C) is the fast Fourier transformed (FFT) image of the highlighted

portion in image (B), (C) shows inverse fast Fourier transformed (IFFT) of the masked FFT shown in
the inset to (C). (D) Selected area electron dispersion (SAED) patterns of BZO (E) FETEM image of
CDs, (F) HRTEM image of CDs. Inset to (G) is the fast Fourier transformed (FFT) image of the
highlighted portion in image (F), (G) shows inverse fast Fourier transformed (IFFT) of the masked
FFT shown in the inset to (G) of CDs (H) Selected area electron dispersion (SAED) pattern of CDs.
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nanoparticles. In hydrothermal synthesis, under the influence of high alkaline environment,
Ostwald ripening process drives the formation of hollow spheres.!” 2® The formation of
hollow structures can be discussed in several different stages, such as hydrolysis, nucleation,
and growth process, as reported previously.? In the initial stage of the reaction, precursors
undergo hydrolysis to form corresponding metal hydroxides in aqueous alkaline condition.
With time, the concentration of the metal salts increases owing to more hydrolysis of metal
salts and at a particular time and temperature, solution become supersaturated. The reaction
between the metal hydroxides in this supersaturated and hot solution favors nucleation and
forms tiny particulates by suppressing the grain-growth process. Due to very small size, the
particulates have high surface energy and agglomerate under the influence of van der Waals
forces to form larger particles with lesser surface energy. This process of agglomeration
continues until an electrostatic barrier layer is established.’ Hence, BZO forms by hydrolysis
or decomposition of metal hydroxide monomers in the reaction medium. During the course
of the reaction, the dense spheres undergo recrystallization to form crystalline hollow spheres
by Ostwald ripening process. In this process, the smaller crystallites from the core of the
sphere tend to dissolute more with time and relocate over the larger particles on the surface
of the spherical particles. Outward diffusions of the smaller particles from the core of a sphere
contribute to the edge thickness, leading to a partial or complete void formation in the core
of the sphere.?® The products are formed in a spherical shape to minimize the surface energy
and owing to the high concentration of OH™ ions in the reaction medium.*! The formation of

the BZO products can be explained by following dehydration pathway —
[Ba?* (OH);]™ + [Zr**(OH);]™ = BaZrO; + 3H,0

The dehydration of the supersaturated solution under high temperature may retain a fraction
of OH™ ions and H,0 molecules in their structure and thereby form defective crystals and the
dehydration of fraction these retained OH™ ions favors the formation of oxygen vacancies in
the lattice of BZO. Figure 6.6(B) shows the HRTEM image of a selected area of BZO and
Figure 6.6(C) shows the inverse fast Fourier transformed (IFFT) image of the masked FFT
shown in the inset to Figure 6.6(C) of BZO. From the IFFT image, the inter-planar spacing
is found to be 0.29 nm corresponding to (110) lattice plane of BZO. SAED pattern of BZO

shown in Figure 6.6(D) proves its single crystalline nature.
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Figure 6.7 (A) Overall mapping in transmission electron microscopic (TEM) images and (B — F)

shows the elemental mapping of Ba, Zr, O, C and N elements on a single 3C_BZO hollow nanosphere.

Figure 6.6(E) shows the FETEM images of as-synthesized carbon dots. Carbon dots are found
to be spherical in shape and of 2 — 7 nm in size and dispersed evenly without much significant
agglomeration. Figure 6.6(F) shows the HRTEM image of a single CDs and Figure 6.6(G)
shows the inverse fast Fourier transformed (IFFT) image of the masked FFT shown in the
inset to Figure 6.6(G). From the IFFT image, the inter-planar spacing is found to be 0.32 nm
corresponding to the (002) lattice plane of CDs. The SAED pattern of CDs shown in Figure
6.6(H) indicates low crystallinity of as-synthesized CDs.

6.3.6 Ultraviolet-visible Diffuse Reflectance Spectra

Among many factors, the efficiency of a photocatalyst is highly dependent upon its ability to
absorb light, as the first step is to generate photogenerated charge carriers in a photocatalyst.
As shown in Figure 6.8, the main absorption peak of BZO is at 230 nm, which can be assigned
to band-to-band transition. A band tail with an absorption extended beyond 400 nm is
observed due to the presence of disordered states or defect states or oxygen vacancies in the
compound, as it is known that the impurities or defect state transitions give band tail in
absorption spectra in semiconductors.*? In the xC_BZO (x = 1 — 4) hybrid nanomaterials, the
absorption onset of the compounds is red shifted and the band tail absorption intensity

increases in the wavelength range of 350 — 800 nm with progressive increase in CDs amount.

106
TH-1924_126122032



Anindya Sundar Patra Chapter 6

—o— BZO

—o—1C _BZO
——2C BZO
—o— 3C_BZO
——4C BZO

Absorbance

200 300 400 500 600 700 800

Wavelength (nm)

Figure 6.8 UV-visible diffuse reflectance spectra of as-synthesized xC_BZO (x = 0 — 4) hybrid
nanomaterials.
Increased light absorption by a catalyst can increase the population of photogenerated charge

carriers, which can in turn increase their photocatalytic efficiency.

6.3.7 X-ray Photoelectron Spectroscopy (XPS) Spectra

Surface properties and the core level electronic structure of the elements for CDs, BZO and
3C_BZO were studied using X-ray photoelectron spectroscopic analysis (XPS). Figure
6.9(A) depicts the XPS survey spectrum of as-synthesized CDs with three intense peaks at
binding energies (B. E.) of 285.6 ¢V, 400 eV and 531.2 eV corresponding to C 1s, N Is and
O 1s, respectively; indicating that the synthesized products are N-doped CDs. Upon
deconvolution of C 1s core level spectra of CDs it could be fitted into three different peaks at
B. E. 0of 284.77 eV, 286.16 eV and 287.83 eV, which are attributed to aliphatic or graphitic
(C—C/C=C), oxygenated (C—O/C=0) and nitrous (C-N) carbon atoms, shown in Figure
6.9(B).**

Figure 6.10(A) represents the O 1s core level XPS spectra of BZO and 3C_BZO samples.
Asymmetric peaks of O 1s spectra of BZO and 3C_BZO upon deconvolution can be fitted
into two different peaks at B. E. 0f 529.3 eV and 531.5 eV for BZO and at B. E. of 529 eV

107
TH-1924_126122032



Chapter 6

Anindya Sundar Patra

(A) 4
o
3
/T O
> -
s —
S < .
—
2 z
n
c
[¢B)
e
c
1200 1000 . 800, 600 400 200 0
Binding energy (eV)
® Raw
Fitting (13)
Background of
= Graphitic or aliphatic carbon g
- | = Nitrous carbon
:f Oxygenated carbon
(4]
N
2
(72]
c
(¢D)
)
c

292

290 288

286

284

282

Binding energy (eV)

Figure 6.9 (A) XPS survey spectrum and (B) C 1s core level spectrum of as-synthesized CDs.

and 531.2 eV for 3C_BZO. These two O 1s peaks indicate the presence of two surface oxygen

species in the compounds. The peak at lower binding energy corresponds to the lattice oxygen

(Orat.) whereas the peak at higher binding energy is due to surface hydroxyl or oxygen

adsorbed on the material surface or organic oxygen moieties (Oags.). This (Oads.) region is also

known to be the signature of oxygen vacancies in a sample.** The number of oxygen vacancies

in a compound can be evaluated by calculating the relative peak area ratio of Oads./ Orate.** The

value of peak area, relative peak area ratio and peak position of Oia. and Oags. are tabulated

in Table 6.1. From Table 6.1, we can see that the value of relative peak area ratio of Oags. /

Olar. for 3C_BZO is much higher (1.69) than that for BZO (0.92), indicative of increased

oxygen vacancies with the incorporation of CDs onto BZO. To get a clear insight on how
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Figure 6.10 O 1s core level XPS spectra of (A) BZO and 3C_BZO, (B) as-synthesized CDs.

CDs increases the number of oxygen vacancies in the hybrid material we have also analysed
the Ols core level XPS spectra of CDs. Figure 6.10(B) shows Ols spectra of CDs,
deconvoluted into two asymmetric peaks with a calculated Oags. / Ouae. value of 0.58. Hence,
it is clear that some of the surface organic groups attached to CDs may also suffer from
oxygen vacancies. Incorporation of CDs onto BZO nanospheres thus increases the amount of
oxygen vacancies in the hybrid nanomaterials. This phenomenon explains the reason behind
an increase in the intensity of the band tail absorption peak of hybrid compounds, as seen in

Figure 6.8.

Table 6.1 Peak position, peak area and relative peak area ratio (Oadgs./ On) of Ols core level XPS
spectra for BZO and 3C_BZO hybrid nanomaterials.

Compound Peaks Peak position (eV) Peak area O.ds./ Onar,
BZO Ouatt. 529.33 3089 0.92
Oods. 531.5 2826
3C_BZO Ohatt. 529 2352 1.69
Ooads. 531.22 3966

The oxidation state of Ba and Zr have been assessed from Ba 3d and Zr 3d core level spectra
of BZO and 3C_BZO. In Figure 6.11(A), Ba 3d core level XPS spectra of BZO appears at B.
E. of 779.5 eV and 794.8 eV, corresponding to Ba 3ds» and Ba 3ds., respectively. In case of
3C_BZO, Ba 3d core level XPS spectra for Ba 3ds» and Ba 3ds.2 appears at B. E. of 779.4eV
and 794.7 eV, respectively. Difference in binding energy between the two peaks (A B. E.) of
Ba 3d core level XPS spectra for both the compounds is found to be ~15.3 eV indicating that
Ba is present in (+2) oxidation state in both the compounds .*>> The asymmetric Zr 3d core

level XPS spectra of BZO and 3C_BZO is depicted in Figure 6.11(B). Upon deconvolution,
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Figure 6.11 (A) Ba 3d core level XPS spectra and (B) Zr 3d core level XPS spectra of BZO and 3C_
BZO hybrid nanomaterials.

we observe three different peaks at B. E. of 177.57 eV, 181.56 eV and 183.93 eV for BZO
and at B. E. of 177.21 eV, 181.09 eV and 183.46 eV for 3C_BZO corresponding to Ba 4p3,
Zr 3ds and Zr 3ds respectively.’> 3¢ Binding energy difference (AB. E.) between the two
peaks of Zr 3d core level XPS spectra for both the compounds is found to be ~2.37 eV which
proves (+4) oxidation state of Zr in both the compounds. An energy shift in XPS binding
energy in CDs modified BZO hybrid nanoparticles is observed, indicative of a strong
electronic interaction between CDs and BZO. XPS valence band spectra of BZO and
3C_BZO hybrid nanomaterials are shown in Figure 6.12. From Figure 6.12 it is clear that

both the spectra have identical valence band edge with a clear band tail. From preceding

reports, we know that in
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Figure 6.12 XPS valence band spectra of BZO and 3C_ BZO hybrid nanomaterials.

any compound this band tail in valence band spectra signifies the presence of lattice
disorder.’” With incorporation of CDs onto BZO, we could not notice any shift in the valence
band position of 3C BZO. So the enhancement in light absorption in xC BZO hybrid
nanomaterials could be explained by the effective electronic transition due to the presence of

mid-gap states or disordered states and upconversion photoluminescence of CDs.

6.3.8 Electron Spin Resonance (ESR) Spectra

(A) (B) —

—

Intensity
Intensity

——BZO
——3C_BZO

300 320 340 360 380 400 300 320 340 360 380 400

Field (mT) Field (mT)

Figure 6.13 ESR spectra of (A) BZO hollow spheres and 3C_BZO hybrid nanomaterials and (B) as-

synthesized CDs at room temperature.
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In our studied systems, oxygen vacancy is an important parameter proposed for controlling
photocatalytic activity; hence, it is significant to understand the nature of oxygen vacancies
that are present in BZO and CDs incorporated hybrid nanomaterials. From literature, it is
known that three different types of oxygen vacancies such as neutral, singly ionized and
doubly ionized can be present in a compound. Among these vacancies, the number of trapped
electrons present are two, one and zero in neutral, singly ionized and doubly ionized oxygen
vacancies respectively.’® Owing to their different spin states, ESR technique could be
employed to determine the nature of the oxygen species in these compounds. Among these
three different types of oxygen vacancies, singly ionized oxygen vacancy gives a strong ESR
signal as it has only one unpaired electron, and neutral oxygen vacancy with two unpaired
electrons gives a triplet in ESR analysis. If the neutral oxygen vacancy has paired electrons,
then it cannot give any ESR signal. From Figure 6.13(A), we observe that the BZO and
3C_BZO show a broad peak at around g — tensor value of 2.005, which is due to singly ionized
paramagnetic oxygen vacancies (V3).* Figure 6.13(B) shows the ESR spectra of as-
synthesized CDs in room temperature and it shows an intense ESR signal at g tensor value of
2.005. As seen from FTIR and Raman analysis, CDs have nitrous groups and surface defects
on it. Hence, the origin of its ESR spectra may be due to the presence of unpaired electrons
in surface defects and nitrous groups. Hence, from the UV-visible DRS study, XPS analysis
and ESR study we can say that all the studied compounds have a certain amount of oxygen
vacancies and disordered states in their structures, which could be beneficial for their

photocatalytic activities.
6.3.9 Photoluminescence (PL) and Time-resolved Photoluminescence (TRPL) Spectra

To observe the charge transfer and charge recombination processes in a photocatalyst,
photoluminescence (PL) spectra has been widely used. It is notable from the PL spectra
shown in Figure 6.14(A) that upon excitation at 256 nm, both BZO and 3C _BZO hybrid
nanomaterials emit at 396 nm. Bare BZO has high PL intensity which attributes to the lattice
disorder and trap states in BZO.** In 3C_BZO, the PL intensity at 396 nm drops significantly.
This phenomenon could be due to reduction in photogenerated electron—hole recombination.
On introduction of CDs onto BZO, the photogenerated electrons in the conduction band of
BZO move efficiently to the CDs particles as CDs are excellent charge carriers thereby
preventing its recombination with the photogenerated holes present in the valence band of

BZ0.* Hence owing to efficient charge transfer, in the hybrid nanomaterials a sharp drop in
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Figure 6.14 (A) Steady state photoluminescence at an excitation of 256 nm and (B) time-resolved
photoluminescence spectra of BZO and 3C_ BZO hybrid nanomaterials at an excitation of 375 nm

and emission observed at 450 nm.

photoluminescence proves decreased recombination, which can in turn enhance its

photocatalytic activity.

Time-resolved photoluminescence (TRPL) spectroscopic analysis was performed to further
get an insight of the charge transfer process between BZO and CDs in the best performing
3C_BZO catalyst. For comparison, TRPL was also performed for BZO. The samples were
excited at a wavelength of 375 nm and the emission observed at 450 nm and shown in Figure

6.14(B). PL decay profiles are fitted with a bi-exponential function to calculate the exciton
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lifetime, (t). The decay profile exhibit bi-exponential decay patterns, which infer to multiple
processes involved during the decay of emissive excitons or the radiative transitions. The
fitting parameters (%) and detailed spectroscopic results, exciton lifetimes (11, 12), pre-

exponential factors (a1, 02) and average exciton lifetimes (<t>) are summarized in Table 6.2.

Table 6.2 Fitting parameter (), initial intensity (o, 02), excited-state lifetime (t1, 12), and average

exciton lifetime ((t) ns) for CDs, BZO and 3C_BZO hybrid nanomaterials.

Compound a O Tl T2 <t> 1
CDs 0.1082 0.0051 0.752 4.831 1.700 0.921
BZO 0.1038 0.0126 0.732 3.445 1.718 0.951

3C BZO 79.2237 16.5278 0.355 2.323 1.490 0.908

The average lifetime of the compounds were calculated by using the following equation*!

(0 X T2 + ap X T3)

<T>=
(O(1><‘I?1+O(2XT2)

From the average lifetime values, a decrease in average exciton lifetimes for 3C BZO is
observed compared to BZO. Exciton lifetime for 3C_BZO (1.49 ns) is found to be lower than
that of bare BZO (1.72 ns), indicating that the photogenerated electrons in the conduction
band of BZO transfer efficiently to the CDs. Faster average PL lifetime proves a strong
excited state electronic interaction and facile charge transport from BZO to CDs in the hybrid

nanomaterials.*?
6.3.10. Photocatalytic Hydrogen Production

Photocatalytic Hz evolution from water by xC_BZO (x = 0 — 4) hybrid nanomaterials under
UV-visible light were analyzed in the presence of 0.25 M Na;S03/0.35 M Na,S mixture as
sacrificial hole scavenger and shown in Figure 6.15. In bare BZO, the valence band maxima
and the conduction band minima are more positive than the H2O/O» redox potential and more
negative than the Ho/H' redox potential, respectively.® In photocatalytic H> evolution
reaction, a sacrificial reagent can enhance the catalytic efficiency of a photocatalyst as the
sacrificial reagent can trap the photogenerated holes of the semiconductor and leave the
photogenerated electrons in the conduction band, which in turn decreases the charge carrier
recombination and thus boosts the charge separation.*>* The role of sacrificial reagent (0.25
M NaxS03/0.35 M NayS) in the photocatalytic H> production can be explained by the

following equations** —
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Photocatalyt + light - hig + ecg Q)
2H,0 + 2e5; — Hy + 20H- )
SO%™ + 2h{g + 20H™ — SO%™ + 2ht (3)
252~ + 2h{y — S3- 4)
$2- 4+ S0 > S,0%" + S2- )
S0~ + S2- + 2hiy — S,0%" 6)

When the semiconductor is photo excited by a light with energy more or equal to its band gap
energy, electrons are excited to the conduction band leaving an equivalent number of holes
in the valence band as shown in equation 1. With high lifetime and charge mobility, these
photogenerated charge carriers may reach the surface of the semiconductor where they can
undergo redox reactions with the reactants adsorbed onto the semiconductor surface. As
shown in equation 2, electrons can produce H» by reducing water. While the holes can
produce SZ~ and SO%~ ions by oxidizing the sacrificial ions, S?~and SO3~, respectively
(equations 3 & 4). As described in equation 5, S?~ ions form optically transparent S,03 " ions
by reacting with SO%~ ions in solution. In this process, colourless S,03 ions are formed by

the reaction of S~ and SO3™ ions with photogenerated holes, as described in equation 6.

In the present work, the amount of H» gas produced by as-synthesized BZO is 290 pmol per
hour per gram. Compared to bare BZO, the CDs modified photocatalysts exhibit superior
catalytic activity, inferring the vital role of CDs in BZO. The improved H» production efficacy
can be attributed to the enhanced light absorption of the catalysts in the visible light regime
after CDs loading and faster charge transfer to CDs. From Figure 6.15 we note that 3 wt% is
the optimal CDs loading concentration for the highest amount of H» gas evolution (670
umol/h/g), whereas, 1C_BZO, 2C BZO, and 4C_BZO produces 385 umol/h/g, 480 pmol/h/g
and 405 pmol/h/g of H» gas respectively. The calculated AQY of BZO and 3C_BZO is ~2%
and ~4%, respectively. It is observed that beyond 3 wt% CDs loading, the H> gas production
efficacy decreases. This could be due to the presence of surplus CDs on the surface of BZO,
which can effectively block the active sites for photogenerated charge carriers to react with
surface adsorbed species.*’ These excess CDs then act as charge carrier recombination centers
which reduce the photocatalytic efficiency of BZO. Thus, 3 wt% of CDs loading on BZO is

optimal for efficient photocatalytic activity.

115
TH-1924_126122032



Chapter 6 Anindya Sundar Patra

Hydrogen Production (pmol/h/g)
670

~ BazrO; 1C BaZrO; 2C _BaZrO; 3C_BaZrO, 4C_BaZrO,

Figure 6.15 Rate of photocatalytic H, production from xC BZO (x = 0 — 4) hybrid nanomaterials
under UV-visible light irradiation with 0.25 M Na>S03/0.35 M Na,S mixture as sacrificial reagent.

6.3.11 Photocatalytic Dye Degradation

Besides hydrogen production, xC BZO (x = 0 — 4) hybrid nanomaterials also show
effectiveness in degrading organic dyes commonly found in industrial waste water. Here, to
examine the degradation efficiency we have chosen methylene blue as the model system.
Figure 6.16(A) shows MB dye degradation of best performing hybrid catalyst 3C_BZO at p'!
13. Monitoring the peak at 664 nm of MB, intensity of the peak got supressed with time and
within 1 h the intensity reduced to more than 90%. Degradation efficiency of the catalysts
was evaluated by comparing the initial concentration of the dye (C,) with the final
concentration (C) of the dye. Figure 6.16(B) shows the degradation efficiency of xC_BZO (x
= 0 — 4) hybrid nanomaterials. It has been found that 3C BZO has highest degradation
efficiency of ~90% whereas degradation efficiency of BZO, 1C_BZO, 2C BZO, and
4C BZO are ~78%, ~85%, ~89% and ~80%, respectively. The enhancement in dye
degradation efficiency of xC_BZO hybrids compared to bare BZO could be owing to the

enhanced light absorptivity and superior charge transfer ability of the carbon dots.
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Figure 6.16 (A) Chronological absorption spectral patterns of methylene blue dye over 1 h during the

photodegradation process in the presence of 3C_BZO under UV-Visible light and (B) plot of (C/Cy)

with respect to time (minute) for BZO, and xC_BZO (x = 1 — 4) hybrid nanomaterials.

6.4 CONCLUSIONS

In summary, we have synthesized BaZrO3 and carbon dots by facile hydrothermal synthesis.

1 — 4 wt% of C_BZO hybrid catalysts are synthesized by dispersing CDs and BZO together.

The synthesized products are found to be the efficient catalyst for photocatalytic H»

production and methylene blue dye degradation. Synthesized samples were analyzed with the

help of several analytical techniques and found that presence of defect states, oxygen
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vacancies and the addition of CDs onto BZO leads to an increment of visible light absorption
by the photocatalysts and owing to the high charge transfer rate of CDs, the photogenerated
charge carrier recombination is reduced. We have observed that 3 wt% CDs loaded onto BZO
shows the highest efficiency in both photocatalytic H> production and MB dye degradation.
The AQY of 3C_BZO (~4%) is doubled than that of the BZO (~2%). In brief, this work
proves that CDs can considerably enhance the photocatalytic activity of a wide band gap
material such as BZO that provides a facile scheme to develop hybrid materials that could be

utilized in energy harvesting and environmental renovation.
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Thesis Overview and Future Scope

Overall Summary and Salient Features of the Thesis:

The present thesis describes a number of new prospects related to environmentally benign
energy harvesting from photocatalytic water oxidation/reduction process and water
remediation by industrial dye degradation. First part of this chapter recaps the complete
conclusions drawn from the research works presented in this thesis and the second part of

this chapter is focused on the research scope that can be done in future.

In chapter 3, we have presented the synthesis of a series of novel ‘B’ site doped LaMnOs
(LMO), LaMni—RuO3 (x = 0.0 — 0.4) compounds and their use as a photocatalyst for water
oxidation as well as dye degradation. Powder X-ray diffraction (PXRD) analysis indicate that
the doped compounds have both rhombohedral and cubic phases. Rietveld refinement studies
of the PXRD patterns of the compounds confirm the presence of both rhombohedral and cubic
phases and reduction of lattice distortion as well increase in Mn—-O-Mn bond angle to 180"
with a progressive increase in ruthenium doping, which helps in the increased charge carrier
movement of the catalysts. Variations in band gap, as well as different redox reactions taking
place due to doping are studied. LaMno.7Ruo303 having lowest bandgap among all the
synthesized catalysts and consisting of 80% cubic and 20% rhombohedral phase, shows the
highest efficiency of oxygen production (at a rate of 4.73 mmol/h/g) with an AQY of 7.43 %
and methyl orange (MO) dye degradation.

In chapter 4, we have reported the synthesis of stable and robust novel ‘A’ site doped LaMnO3
(LMO), Laj—SrzMnOs3 (x = 0.0 — 0.5) and its graphene oxide (GO) composites, La;—Sr:MnOs
(x=10.0 - 0.5) — GO and its use as a photocatalyst for water oxidation. Sr doping in LMO
creates holes or Mn (IV) in La;-.Sr:-MnOs3 (x = 0.0 — 0.5) lattice. Owing to doping of larger
Sr ions in La site, the crystal phase of La;—Sr,MnO; (x = 0.0 — 0.5) changes from
rhombohedral to cubic in higher Sr doping concentration and thereby makes the Mn—O—-Mn
angle ~180° in doped compounds. Formation of holes or Mn (IV) and ~180° of Mn—O-Mn
bond angle facilitates the charge transport in these compounds. As Lag.7Sro3MnOs3
photocatalyst has lowest resistivity among all La;—.Sr:MnOs3 (x = 0.0 — 0.5) photocatalysts, it
gives highest amount of O> evolution from water oxidation (3.398 mmol/h/g, AQY ~ 7.2%).
A blending of GO with La;—.SrMnO3 (x = 0.0 — 0.5) shows further enhancement in
photocatalytic Oz evolution from water due to the good charge carrier transport property of
GO and Lao 7Sro3MnO3; — GO shows highest photocatalytic activity in oxygen production at
a rate of 3.707 mmol/h/g with ~ 8% of AQY.
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In chapter 5, BaZrO3.5 (BZO) and Ce doped BZO hollow nanospheres have been successfully
synthesized using a low-temperature template-free hydrothermal method. All the compounds
show cubic phase with a high range of crystallinity. The as-synthesized compounds produced
hydrogen upon illumination without any co-catalysts but in the presence of sacrificial donor
reagents. As found from UV-Vis DRS, XPS and ESR analysis, the presence of disordered
lattice, oxygen vacancies and cerium doping play a critical role in enhancing the
photocatalytic activity in the ultraviolet-visible region. BaZro.97Ce0.0303 among all the as-
synthesized compounds, BaZri-xCeO3 (x = 0.00 — 0.04), shows the highest efficiency in

hydrogen gas production concomitant with oxidation of a sacrificial donor.

In chapter 6, we have synthesized BaZrOsz.s (BZO) and carbon dots (CDs) by facile
hydrothermal synthesis. 1 —4 wt% of C_BZO hybrid catalysts are synthesized by dispersing
CDs and BZO together. The synthesized products are found to be the efficient catalyst for
photocatalytic H> production and methylene blue dye degradation. Synthesized samples were
analyzed with the help of several analytical techniques and found that presence of defect
states, oxygen vacancies and the addition of CDs onto BZO leads to an increment of visible
light absorption by the photocatalysts and owing to the high charge transfer rate of CDs, the
photogenerated charge carrier recombination is reduced. We have observed that 3 wt% CDs
loaded onto BZO shows the highest efficiency in both photocatalytic H> production and MB
dye degradation. The AQY of 3C_BZO (~4%) is doubled than that of the BZO (~2%). In
brief, this work proves that CDs can considerably enhance the photocatalytic activity of a
wide band gap material such as BZO that provides a facile scheme to develop hybrid materials
that could be utilized in energy harvesting and environmental renovation.

From our aforementioned findings, we have found that manganite based perovskite oxides
are superior photocatalyst than zirconium based perovskite oxides in terms of water oxidation
owing to their small band gap and suitable band positions. On the other hand, zirconium based
perovskite oxides are capable of both water oxidation and reduction and act as overall water
splitting photocatalyst. Hence, in terms of photocatalytic oxygen production from water,
which is indeed “bottleneck” of photocatalytic hydrogen evolution efficiency from water,
manganite based perovskite oxides are certainly promising candidate whereas, in terms of
future environmentally benign energy carrier production (H»), zirconium based perovskite

oxides are only capable among these two different types of perovskite oxides.
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Future prospects:

A good number of research findings are obtained from this thesis in terms of preparation,
characterization and photocatalytic applications. The photocatalysts studied in this thesis are
mainly synthesized via two well-known routes, such as solid-state synthesis and hydrothermal
routes. Although, all these materials are synthesized and studied in laboratory scale but they
can easily be utilized in large-scale processes with redesigned photoreactor setup. As solid
state synthesis route is commercially viable for large scale production of desired compounds,
BZO and doped BZO can also be synthesized in this route.

Indeed, in this field many areas merit further extensive research attention. Few research areas
for future work base on our investigations are presented as follows:

+ To modulate the electronic structure and enhance catalytic activity, different transition
metals or non-metals can be doped either in ‘A’ or ‘B’ sites or two different elements
simultaneously in both ‘A’ and ‘B’ sites of LMO and BZO

+ Based on the band positions and nature of the materials (p or n type), to enhance
charge separation and light absorption, other semiconductors can be coupled with
LMO and BZO

+ LMO and BZO could be used in either Z-scheme water splitting systems with suitable
band structured materials or making suitable solid solution with other semiconductors
for enhanced photocatalytic efficacy

+ Enhanced photocatalytic activity of LMO and BZO can be attained by incorporating
different O2 and H; evolution co-catalysts

+ The role of lattice disorder and different vacancies in perovskite oxides in
photocatalytic application can be studies in-depth by the help of theoretical
calculations, XPS and X-ray absorption fine structure (XAFS) techniques

+ Apart from photocatalytic water oxidation and/reduction application, these materials

can be used in photoelectrochemical water oxidation/reduction systems, fuel cells etc.
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