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[IEPIAHWYH

Ta vavoUAika mepofokitik®wv o&eldiwv [AmBmOk] €Akvouv To evdla@épov Tng

AKAONUATKNG KOWVOTN TG Kot TNG Blopumyaviag, eEaitiag Twv HovadSIiK®V QUOLK®V, XN UK®OV
KAl OTTIKQOV 80T Twv Tovg. EmmAéov, 6To 0plo Tou vavopeyéBoug Ta TepOBOKLITIKA
ofeldla pe KPAVTIKA @aVOPEVA GaV KATNyopla AEITOVPYLIK®WV VAVOUAIKWY glval TOAAQ

UTLOOYOLLEVT).

0 ot6x0G TG Tapovoag ASAKTOPLKNG AlaTplfng NTav 1 avamtuén VavoUAIK®OV
mepoPokITikwy o&eldiwv pe texvoroyia Wekaopov IMupodAivong PASyag (Flame Spray
Pyrolysis, FSP) xal TV KATaAUTIKY] TOUG afloAdynon ylx TexVoAoyieg mepLBaiAlovTikoy
evllapépovtog. ISiaitepn Epgaon 800nke ot peAétn kat BeAtiotomoinomn g
@WTOKATAAVTIKNG amOS00NG TWV VAVOTIEPOPBOKITWV O OVAYWYIKEG KATAAVTIKEG
Slepyaoieg OMWG @WTOKATHAVTIKY Tapaywyn Hz/02 and  Sidomaon touv H20 kat ot
avaywyn tov CO2 o€ opyavika kavowwa (HCOOH, CH4). I'a T ovBeon Twv mepofoKITIKWV
VavoUALK®V, Snpovpyndnkav véa TpwtokoAAa texvoloyiag FSP, 6mou peAetnOnkav kot
BeATioTomOMONKAV OL ONUAVTIKOTEPEG TApApEeTPOL TNG Stepyaoiog. H teyvoroyia FSP eival
LI EVPEWG EQAPUOCUEVT] TEXVOAOYIX YIA TN 6UVOESN VAVOUAIKWY, CUUTIEPIAXAUBAVOUEVTG
™G MAPAYWYNS VAVOOCWHATISIWV o€ Blopnyaviky] KAHOKA, woTOC0 HEXPL OTLYUNS, M
ovoTnuatikny xpnon touv FSP oty olvBeon twv mepofokitikwv o&eldiwv elval eAMTNG.
YTOX0G HAG NTAV VA HEAETNIOOVUE TO POAO TWV TAPAPETPWVY TNG dlepyaciag FSP oty
Tapaywyn o&eldiwv mepofokitn vVPNANG KaBapOTNTAG HE KATAAVTIKES 8LOTNTES. [S1aitepo
EMOTNUOVIKO evSla@eépov eixe N avamtuén mpwTtokOAAwv FSP ywa v emitevin tov
XaunAotepov opiov oto péyefog Twv mapayopevwy mepookitwy. EmmAoy, avamtuyOnke
kal BeAtiotomomOnke Siepyacia FSP 800 ke@adwv (Double Nozzle FSP) yia v mapaywyn

ETEPOSOUWV TWV TEPOBOKITWV PUE CUVKATAAUTIKA VAVOOSWHATISLA, o€ eva rpa.

Ye auto To MAalo0 oL emAeypéveg Tiepookitikeg Sopég tav: BiFeOs, SrTiOs, LiTaO0s3
kat NaTa0s. T'a v oAokAnpwpevn agloAdynon toug, emtevydnke eniong n ovvBeon Twv
oxetikwv vavodopwv BizFes09, CuBi204, CuFe204 kat Taz0s. Q¢ ocvuvkataAlTeg, ya va

EVIOXVOOULV TIG PWTOKATAAVTIKEG TOUG LBLOTNTEG, LKPEG TTOOOTNTEG EVYEVWV HETGAAWYV Pt,
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Pd, Au kot Ag evamotébnkav otoug epofiokites, o€ éva Prua and to FSP. EmmAéov, otnv

EMLPAVELX TWV TIEPOPOKLITWV evaToTEONKAV cUYKATHAVTIKAE 0&elStar CuO kat NiO.

H pedétn twv vavo@acewv Kat Tou PEYEBOUS TV CWHATISIWY eMITEVXONKE HEow
pXRD, TEM kat topopetpiag alwtov. O xapakTnpLopos NG EMUPAVELXS TIPAYUATOTIONONKE
xpnowomowwvtas @acuatookoties FT-IR kat Raman. Ot NAEKTPOVIKEG TOUG LSLOTNTES
ueAemOnkav pe @aocpatookomio Diffuse-Reflectance Uv-Vis, kaBwg kot XPS. H
(EUOUATOOKOTIO NAEKTPOVIOKOU Tapapayvntikoy ocuvvtoviopol (EPR) ypnowwomoumbnke

yax Vv aviyvevon twv piwv OH kal @wTtoemayopevwy oTwv/MAEKTPOVIWVY.

OL epoBOKITIKOL VAVOKATAAVTEG AELOAOYNONKAV O TPELG KATAAVTIKEG EPAPUOYES,
(i) xataAvTiKny avaywyn touv BlopunyxavikoL putov 4-Nitpo@aivodn oe 4-Apwvo@atvoAn, (ii)
™ @EWTOKATAAVUTIKY SldoTaon Tou vepol o€ LEPOyOvVo, KABWS Kat Tnv emakoAovdn

Tapaywyn oguyovou, kat (iii) 1 @wTokaTaAVTIK avaywyn Tov Soéeldiov Tov avBpaxa.

Ta BepeAwdn evpripata ¢ mapovoag S18akTtopikng SatpPng meplapfavouv: [i]
OepeAwdn  katavonon ot Siepyaciag FSP ywx  oynuatiopd  kabapng @aong
VaVoowHaTISlwV Tepofokitn o€ pkpd pey£n. [ii] OepueAirdng katavonon Tov poAov Twv
VOVOTIAEYUATIKWV ATEAELWV, TNG VAVO-SLETAPNG KoL TNG KAUPYNG (WVWOV TWV NULAY®Y WOV
OTNV @WTOTAPAYWYN KOl HETAPOPA Twv OoTwv/nAekTpoviwv. [iii] Mapaywyn vimAng
ATOS00MG VAVOPWTOKATAAVTOV Yix Ttapaywyn Hz kat avaywyrn tou COz. [iv] KaBiépwon
TPWTOKOAAWV yla véeg Slepyaoieg FSP mou emitpémouv v mapaywyr vavoUAK®V
TEPOPOKITN KAl TWV ETEPOSOUWV TOUG O0€ PBLOPNYAVIKY) KAMOKO HE EVICXVUEVN

@WTOKATAAVTIKY amodoon).
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ABSTRACT

Perovskite-oxide nanomaterials AmBmOx have gained prominence in the industrial

and academic community due to their unique physical, chemical, and optical properties.
Moreover, at the low-limit of nanosize perovskite-oxide crystals with quantum-size

phenomena constitute a highly promising family of functional nanomaterials.

The aim of the present Ph.D. thesis was the development of perovskite-oxide
nanomaterials by Flame Spray Pyrolysis (FSP) technology and their catalytic evaluation.
Specific focus was placed on their photocatalytic performance in reductive catalytic
processes, photocatalytic H2/02 production from H20 splitting, and CO2 reduction to
organic-fuels (HCOOH, CH4). For the synthesis of the perovskite nanomaterials, novel
protocols of FSP technology have been studied and optimized. FSP is a widely applied
technology for nanomaterials synthesis, including industrial-scale production. However,
thus far, systematic application of FSP in the engineering of perovskite-oxides is lacking.
Herein, our focus was to study the role of FSP-process parameters towards producing high-
purity perovskite-oxides, with catalytic properties. The development of FSP-protocols to
achieve the lowest-limit sizes of the produced perovskites was of particular interest. In
addition, the FSP-process was optimized to produce heterostructures of the perovskites
with cocatalytic nanoparticles in one-step. The deposition method of the cocatalytic
nanoparticles for the FSP technology consisted of a Single-Nozzle FSP or a Double-Nozzle

FSP process.

In this context, the selected perovskite structures were: BiFeOs, SrTiOs, LiTaOs, and
NaTaOs. The synthesis of pertinent nanostructures, e.g., BizFe409, CuBi204, CuFe204, and
Ta20s5 nanoparticles was also achieved for their comprehensive evaluation. As cocatalysts,
small amounts of noble metals Pt, Pd, Au, and Ag were deposited on the perovskites in one-
step by FSP to enhance their photocatalytic properties. In addition, cocatalytic oxides CuO

and NiO were deposited on the surface of the perovskites.

The nanophases and particle size was monitored via pXRD, TEM, and N2-
porosimetry. Surface characterization was performed using FT-IR and Raman

spectroscopies. Their electronic properties were studied by Diffuse-Reflectance Uv-Vis and
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XPS spectroscopy. Electron Paramagnetic Resonance (EPR) spectroscopy was used as a
state-of-the-art tool to monitor in-situ the photoinduced OH radicals and {hole/electron}

pairs.

The so-produced nanocatalysts were evaluated in three catalytic applications: (i)
the catalytic reduction of the industrial pollutant 4-Nitrophenol to 4-Aminophenol, (ii) the
photocatalytic splitting of water into hydrogen, as well as the consequent production of

oxygen, and (iii) the photocatalytic reduction of carbon dioxide.
The key-results of the present Ph.D. thesis include the following:

[i] Fundamental understanding of the FSP-process for pure phase perovskite

nanoparticle formation at small sizes.

[ii] Fundamental understanding of the role of nanolattice defects, nano-interfacing,
and semiconductor band-bending in the photophysical hole-electron generation and

transfer.

[iii] Demonstration of highly efficient nano photocatalysts for Hz production and

COzreduction.

[iv] Establishing protocols for novel FSP-processes that allow industrial-scale
production of perovskite nanomaterials and their heterostructures with enhanced

photocatalytic efficiency.
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1.1 Nanomaterials

The application of nanotechnology, the formation of nanomaterials with sizes
between 1 and 100nm, has received exceeding growth over the last decades, both in
academic research and industrial production. Two attributes constitute nanomaterials
appealing i.e. compared to their bulk equivalents [1]. The first attribute is presented when
a particle has a size of only a few nanometers, the optical properties fundamentally change
as the quantum implications have an exceeding factor on those sizes thus, the radiation
absorption of the material changes, and the color of the material, in the case of quantum
dots. The second attribute, regarding the transition from bulk to nanosize is that a higher
percentage of atoms are positioned on the material's surface, that at small enough particles,
half of the overall atoms are found on the surface [2]. To better illustrate the size-surface
factor, the [Surface Area: Volume] Ratio compared to the diameter size of a spherical

particle is shown in Table 1-1 and Figure 1-1.

Table 1-1: Correlation between nanoparticle Diameter and Surface Area: Volume Ratio

Diameter Volume(nm3) Surface Area (nm?2) SA Vzo ; Ra:io
nm nmz2/nm
100000 523598775598333 31415926536 0.00006
10000 523598775598 314159265 0.0006
1000 523598776 3141593 0.006
100 523599 31416 0.06
10 524 314 0.6
1 0.524 3.14 6

These attributes enable nanotechnology to be appealing for many applications, such
as cosmetics, pharmaceuticals, electrocatalysis, and photocatalysis. The sector of
nanotechnology, in the case of industrial products that implement nanoparticles or contain
nanoparticles for their primary products has made enormous progress over the last
decades, showing an increase of 25 times over the course of 2005 to 2015 [3]. The global
nanomaterials market size was valued at USD 11.43 billion in 2022, and future projections
show that the market will increase to USD 43.1 billion by 2030. The market size derives

from Carbon Nanotubes, Titanium Nanoparticles, and Silver Nanoparticles as the three
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most industrial applied materials, along with various noble metal and oxide nanomaterials

[4].
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Figure 1-1: (A) Surface Area and Volume in correlation to the Diameter of a spherical

nanoparticle. (B) The Surface Area: Volume Ratio in correlation to the Diameter of a spherical

nanoparticle.

As all catalytic activities occur on the material's surface, an exceedingly high surface
area corroborates an exceedingly high catalytic activity. Furthermore, the nanoparticle's
shape has an important role that should provide the maximum surface possible and the
interfacial conduct with the secondary supporting metal/oxide nanomaterials. These
parameters determine the activity and selectivity of the nanoparticles under chemical
reactions [5]. For catalytic implementation, the first published paper was published in
1941 for the application of palladium and platinum nanoparticles. Most importantly, the

work of Haruta in 1987 measured the catalytic activity compared to the size of gold
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nanoparticles for the oxidation of CO with Oz for the final product of CO2, showing that
nanoparticles smaller than 5 nm have much higher catalytic activities [6].

In the passage of the last three decades, the design and implementation systems for
nanomaterials for academic research and industrial establishments have increased, with
copious amounts of investment in research for precisely controlled nanoparticles. The
complexity of resulting nanomaterials increased from simple oxides or noble metals to
precise heterostructures between oxides and noble metals, along with core-shell particles
of different oxides for stabilization purposes [7].

In nanomaterials for heterogeneous catalysis, a chemical reaction occurs on the
surface of a solid catalyst i.e. oxides/noble metals. A solid catalyst has the role of affecting
the activation energy of the chemical reaction, decreasing the energy required in order to
increase the reaction rate of the chemical process. Also, a solid catalyst has the fundamental
advantage of a much higher lifetime for the operation duration with the limitation of
particular changes in the structure. The removal and restoration are more straightforward.
Correspondingly a solid catalyst is expected to produce a higher catalytic activity and a

selective by-product formation [8].

7
TEBGIRT

Surface Enhanced Catalytic

Material Ares oy
Bulk 8@ Nano
En in
g Electron
Band Gap j Efficient Solar Cells
Hardness High Surface Hartzlness in
nanocomposites
Magnetic . .
. Magnetic Separation
Properties

Figure 1-2: Application of nanomaterials derived from the enhancing properties vs. their

Bulk counterparts.
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Nanomaterials can also give selected attributes to other materials. As an example, in
the case of polymers that have characteristic lower hardness and low electromagnetic
properties, the addition of metals/metal oxides nanomaterials can incorporate the
resulting polymer with higher durability and specific properties such as absorption of UV-
radiation, optical qualities i.e. color, and magnetic or electrical properties [9], as shown in
Figure 1-2.

In complex heterostructures that are more common for industrial processes, the
two materials consist of a metal particle that acts as the catalyst, while a supporting metal
oxide acts as the deposition interface with the properties of high surface area and
chemical/ thermal stability [10].

As newfound materials derived from nanotechnology are competing with
established materials/processes in industrial markets, the cost constraint for the industrial
development of nanotechnology practices creates a bottleneck. Although the total revenue
of nanomaterials produced globally is billions, fundamentally, it is still small by global
standards of emerging technologies. Fumed silica and carbon black which constitute a high
proportion of the market share, at their introduction on the market in the mid-20th
century, many of the present industrial applications for these materials didn't exist yet. As
the expansion of the nanomaterial sector has increased multitudes of times in academic
research, the incorporation of these produced materials will harvest the next generation of

industrial applications in the following decades [9].

1.2 Perovskite Structure

1.2.1 History of the Perovskites

The name 'perovskites' first came from the mineral with the formula CaTiOs, found in
1839 by mineralogist Gustav Rose in an expedition to the Ural Mountains. He gave the
newfound compound the name of fellow mineralogist Count Lev Aleksevich von Petrovski
[11]. After the discovery, perovskite gave its name to various compounds that created the
group of perovskites. The compounds typically have the structure of ABX3, which will be
explained later. Today, hundreds of compounds have been found that hold this structure

and exist in the perovskite family [12].
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The most common perovskite on earth is the Bridgmanite FeSiO3/MgSiOs3, which
constitutes 38% of the earth's interior solid phase structure. Usually, perovskites are not
found on Earth's surface ores. Since they require a combination of high temperatures and
pressures, typically encountered only in the earth's interior at a depth of thousands of
meters [13]. Thus, a key-aim of the present PhD-Thesis deals with using Flame-Spray-

Pyrolysis to synthesize perovskites under controlled conditions.

1.2.2 Requirements of perovskite structure

The most common structure of perovskites is ABX3, which consists of three different
atoms. Where A is usually a large cation, B is a cation with a size smaller than A, and X is
an anion that is presented three times in the crystal structure to counter the charge of
cations. The different electric charges make perovskites an ionic compound. In order for

the structure to form and be stable, a set of requirements must be met [14].

1. The charge of the compounds: The overall charge must be neutral to form a
stable ionic structure [14]. So, if the charges of each ion are presented as qa, gs,
and qx, the charge-neutrality formula should hold, Equation 1-1.
qa+ 9 = —3qx Equation 1-1
Some examples of combinations of charge ions that can create a perovskite are shown
in Table 1-2. Where the gx is the charge of the anion X, as an example of electric charge: (-
1) for example Fluorine, (-2) for example oxygen, the perovskite particles of this thesis are
oxygen-based since the FSP technology specializes in the formation of oxides. Finally, (-3)

for instance Nitrogen.

Table 1-2: Different charge combinations that form perovskites, with different anion

charges of gxand cation charges (qa; gs) depending on the element, for charge neutrality [14].

qx=-1 (g9a,q8) = (1,2), Perovskite KNiF;

qx= -2 (9a,98) = (1,5), Perovskite NaNbO3
(9a.9g8) = (2,4), Perovskite CaTiO3
(qa,98) = (3,3), Perovskite LaAlOs

qx= -3 (9a,98) = (4,5), Perovskite ThTaN3
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2. The Goldschmidt tolerance factor. In 1926, Goldschmidt [15] proposed the
‘tolerance factor' (t) expressed via Equation 1-2. The tolerance factor-t represents
the probability that a combination of ions produces a stable perovskite structure.
According to Equation 1-2, the tolerance factor t, depends on the ionic size of the
ions, ra is the ionic radius of cation A, rs is the ionic radius of cation B, and rx is

the ionic radius of anion X [16].

t = (rat7x) Equation 1-2
V2 (rg +1y)

When t=1, the perovskite crystal has the ideal cubic structure. Many functional
perovskites have more complex crystal structures [17]. The ideal structure is exemplified
as the perovskite SrTiO3 having that idealized cubic structure [14], as presented in Figure

1-3.

c
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Figure 1-3: Crystal structure of the ideal Cubic structure as shown in SrTiOs, with the
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Titanium atom at the center of the structure, the Strontium atom at the edges, and six atoms

of Oxygen surrounding the Titanium atom.
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With t > 1, the size of A cation is too big and forbids the formation of a perovskite.
Perovskite can be formed empirically within the 0.8 < t < 1 range. For t >0.9, then cubic
structures are probable. For t <0.9, more complicated structures than cubic are preferred,
i.e,, tetragonal, orthorhombic, or rhombohedral structures. In the particular case of t < 0.8,
the cation A is too small in comparison to the B. Thus, other non-perovskite structures are

formed [18].

The stability limits are based on the geometry parameters of the unit cell rather than
chemical properties, so as a rule, it is taken to work as a good practical rule for most

elements [19].

3. The octahedral factor p. The factor p is defined as an index the stability of the
octahedra BXae. To clarify the Octahedral factor, the example of SrTiOs3 perovskite structure
is shown fragmented in Figure 1-4, with the octahedral in the example of SrTiOs as the
formation TiOe, the two values of importance for the factor p comprises of the ionic radius
of the B cation (rs) and the radius of X anion (rx), calculated from the Equation 1-3.

rp

u= Equation 1-3
Tx

The structure of Perovskite is mainly empirically observed to be stable when p is
between the values 0.442 < p < 0.895. That is because of the limitation of the B cation

derived from the ionic size of the X6 octahedron [20].
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Figure 1-4: The ideal cubic Perovskite structure of SrTiOs. (A) The cubic structure with
the Ti** at the cell center. (B) The octahedral polyhedron structure TiOe. (C) Sr*? at the cubic

center with the octahedral structure surrounding the Strontium.

To determine the more complex perovskite crystal structures [12], the ideal structure
of cubic perovskite SrTiO3 is shown again as an example, which holds the octahedral
polyhedron TiOs, that consists of the small cation B at the center and the anion X at the
edges. The more complex perovskite structures can be thought of as the slight tilt of the
angle that joins the two octahedral from the 180 degrees of the cubic structure from the
three Cartesian axes, Figure 1-5. If the angle tilts in just one of the three Cartesian
coordinates, in this example ©1, then from a cubic perovskites structure morphs to a
tetragonal structure. The structure is orthorhombic if the angle tilts in all Cartesian

coordinates ( 01, ©2, ©3) [21].
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Figure 1-5: The different perovskite structures, (A) the ideal cubic perovskite with the
example of SrTiOs, the axis X, Y, Z of the Octahedral BXs have a 180 degrees separation. (B)
The Tetragonal perovskite structure, the octahedral BXs tilted in only one of the three axes at
an angle 01. (C) The Orthorhombic structure, the octahedral is titled in all three of the axis, in

accordance with the angles 01, 62, and 03.

The perovskite parameters for the materials in this Thesis (BiFeOs, SrTiOs, and NaTa0s3)
are shown in Table 1-3. For each of the structures, the cation charge is different with
BiFeOs at Bi(+3)/Fe(+3), SrTiOs at Sr(+2)/Ti(+4), and NaTaOs at Na(+1)/Ta(+5), although
the overall charge is always equal to the charge of 03(-6). From the ionic radius of the
cations and anion of the structures [22], we derive the t and p factors. As mentioned above,
the SrTiOs has a cubic structure based on the calculated t=0.91, which is higher than 0.9.

While the BiFeOs and NaTaOs possess values between 0.9>t>0.8, resulting in more
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complicated structures, the usually derived phases being rhombohedral for BiFeO3 and
orthorhombic for NaTaOs. For the octahedral factor, the three materials in the range 0.442

< n < 0.895, thus it is possible for stable Perovskite structures to form.

Table 1-3: List of the charge, t, and u parameters for the perovskite materials developed

in the present Ph.D. Thesis.

SrTiOs  Sr(+2), Ti(+4) 0.91 0.59
BiFeOs  Bi(+3), Fe(+3) 0.85 0.51
NaTaOs  Na(+1), Ta(+5) 0.84 0.62

1.2.3 Perovskite properties

The perovskite crystal structure allows significant flexibility i.e. via cationic
substitutions, since an extensive variability of atoms can be employed. The perovskite can
utilize some combination of almost all the metal ions, creating a stable perovskite
structure. On the other hand, selective slightly-cationic substitutions can create designed
defects for the crystal structure in an ordered method, thus encompassing a wide variety

of physical properties and applications [23].

The aforementioned BX¢ octahedra are the source of many properties, influencing the
perovskite's physical and electromagnetic capabilities and changing how the perovskite
reacts under external magnetic or electric external fields. The BXs is the core change of the
properties due to the electron configurations of the B cations, which are altered by the
surrounding six anions, in our case, the oxygen atoms. While the A cations contribute to the
perovskite's characteristics, in most cases, they aren't manipulated to the same degree due
to the closed-shell ions with a fixed valence. Thus, most of the alteration efforts should be
placed in the BXs octahedral for the metallic cation of the structure but also for the shape and

distortion that will be placed on the perovskite crystal structure [14].
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A fundamental property of the perovskite group is the flexibility of the structure, which
can allow most atoms for facile replacement of the structure, modifying the physical and
chemical properties of the structure in a controlled way. The structure can show a
microdomain structure formed from several cation and anion atoms, these domains

provide additional structural complexity to the anion matrix [24].

Perovskites with Nanodimensions (Nano-Perovskites) have shown much promise as
catalysts and cocatalysts. Especially for the oxygen reduction and hydrogen evolution
reactions, i.e. the applications of choice in the present Ph.D. Thesis. Perovskites have been
found to be efficient at electrocatalytic activity i.e. due to lower activation energy and high
electron transfer kinetics, at the same time, possessing the appropriate abilities for an
efficient photocatalyst, such as unique long-term stability, excellent reproducibility, and

selectivity of catalytic performance [25].

Two major groups of perovskites interest the Research community: the halide
Perovskites and the Perovskite oxides. Organometallic halide perovskites in the past
decade have drawn outstanding interest due to their highly effective properties for
photovoltaic solar cells, with good stability and high efficiency [25]. Perovskite solar cells
have been demonstrated to be an economically and environmentally viable option for

renewable energy compared to traditional solar cell technologies [26].

Inorganic perovskite-type oxides are fascinating nanomaterials that have many
essential qualities, such as excellent physical and chemical properties for broad
applications in catalysis and can act as photocatalysts under light irradiation for
environmental and energy-related applications, where the perovskite oxides have higher
catalytic abilities than that of the transition metals compounds [27]. The XTiO3 group
perovskites, where X a variety of cations (Sr, Ba, Ca, Pb, etc.) [28], have been efficient
towards environmental remediation and energy conversion due to the unique structure
that provides optical, physiochemical, electrical, and thermal unique characteristics. Other
interesting properties that derive from the structure, for XTiO3 perovskites, via the

"bending" of their conduction and valence bands, can induce piezo-catalytic reactions,
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resulting from the separated charge carriers, under ultrasonic vibration or heating [28].

This phenomenon is thoroughly analyzed in section 4.5 of the present Thesis.

Many different synthesis methods exist for perovskite formation, including sol-gel,
coprecipitation, hydrothermal, solid-state, etc. [29-31]. These methods affect the
perovskite structure, the fundamental reason is the very different application of
temperature as well as pressure, which can have a tremendous change in the structural
characteristics of the perovskite. Size limitation for the High-temperature synthesis
techniques, or impurities of simple oxides, such as TiO:z in the case of SrTiO3 for the Low-
temperature methods, all of which can have a profound significance for the perovskite's

physical and chemical properties [32].

1.3 Perovskite materials

1.3.1 Bismuth-Iron Perovskites

The phase diagram of the perovskite BiFeO3 and mullite type Bi2Fe409 is shown in
Figure 1-6. According to the definition of a phase-diagram [33], the lines showcase the
boundaries of the crystal-phase equilibrium, and phase transitions occur via the crossing of
the corresponding lines. The phase diagram in Figure 1-6 for the components Bi203 and
Fe203 has been studied extensively by ]. F. Scott et al. [34] and produced via pulsed laser

deposition.

In this approach, it is assumed that the BiFeO phases can be formed via the
incorporation of B203 and Fe203 structural units into a stable crystal structure at the
appropriate temperature. In this context, as suggested in [34], the amount of B203 and
Fe20s3 structural units can be expressed in "moles” just to keep-track of the quantification

ratio.
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Figure 1-6: Phase diagram of Fe203 and Biz03, showcasing the mole ratio for BiFeO3 and
BizFe409, derived from [34].

The phase diagram in Figure 1-6 shows that the BiFeO3s perovskite is most commonly
synthesized from the equimolar amount of Bi203 and Fe203 units, Equation 1-4, for

temperatures above 600 °C.

Fe,03 + Bi, 03 — 2 BiFeO;3 Equation 1-4
Interestingly, this phase diagram entails that if temperatures exceed 950°C, the crystals
will start to decompose into the initial oxides. This phenomenon was verified in the present

Thesis, as we discuss in the Results section.

In an alternative model, the mullite-type Bi2Fe4Q9 is predicted from Mukherjee [35] to

originate from the BiFeOs, as shown in Equation 1-5a.

2 BiFeO3 + Fe203 d BizFe409 Equation 1-5a

According to phase-diagram in Figure 1-6, when expressed in mol% of Bi203 and Fe203

units, Equation 1-5a can be rewritten as Equation 1-6b.

3Fe;03 + Bi, 03 — BiyFe 09 Equation 1-6b
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According to phase-diagram in Figure 1-6, the activation energy for Bi2Fe4Oo
crystallization is higher than that of BiFeOs, corresponding to higher temperatures of
formation. As indicated by Equation 1-4 and Equation 1-5a, the BiFeOs phase must first be
crystallized. Thus, in the formation of Bi2zFe4O9 the overall process is slower. Notice that
due to the narrow window for BiFeOs formation in the phase diagram, achieving 100%
pure BiFeOs phase i.e. without impurities of the other phases, is a challenging task
requiring diligent control of the preparation conditions. This issue was addressed in detail

in the present Ph.D. Thesis.

The perovskite crystal BiFeOs can exist in three different crystal structures, depending
on the formation temperature, as depicted by the letters «, 3, and y in the phase diagram in
Figure 1-6. The BiFeOs as (a-BiFeOs) has rhombohedral (R3c) crystal structure at low
temperatures, Figure 1-7. As the temperature increases, the structure changes to

tetragonal (P4mm) (B-BiFeO3) and to monoclinic (Bb) (y-BiFeO3) [36].

The Bi2FesOs phase crystallizes to an orthorhombic space group (Pbam). As seen in
Figure 1-7, the main characteristic of mullite-type Bi2Fe4O9, has edge-sharing with iron ions
in the lattice being evenly distributed in two formula units [37], as FeOs octahedra running
parallel to the c-axis and the FeOas tetrahedral in the corners, where the bismuth ions are

surrounded in both cases by eight oxygen atoms [38].

So far, the perovskite phase BiFeOs has been synthesized with various techniques,
including liquid chemistry, most notably by sol-gel [39], co-precipitation [40], and
hydrothermal synthesis [41]. Wet-synthesis methods pose particular challenges in
achieving phase purity because the formation of BiFeOs occurs in a very narrow region in
the thermodynamic phase diagram [42]. Thus, high-purity phases cannot be obtained since
a percentage of particles usually crystallize to the following structures present in the phase
diagram i.e. Bi2sFeOs39, Bi2Fe409, and Bi203 [40]. For the sol-gel synthesis method, the Bi203
structure can be minimized/removed from the particles by utilizing diluted nitric acid,
although it is an additional harsh chemical step [43]. For Solid-state, with the application of

added sintering, the particle can be obtained accurately, although due to volatilization of
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bismuth at high temperatures, a fraction will be lost. Additionally, high temperatures
produce, in general, much larger nanoparticles [44]. Synthesis by Flame Spray
Pyrolysis(FSP) technique has produced highly crystalline, high-purity structures of
bismuth oxide Bi203[45] and iron oxide Fe203 [46,47]. However, the synthesis of neither
BiFeOs nor BizFe409 has been reported. During the present Ph.D. Thesis: We were the first
to establish FSP engineering of pure BiFeO3 and Bi2zFesO9 phases as well as

heterostructures at controlled phase percentages.

BiFeO, BiFeO, BiFeO,
Rhombohedral Tetragonal Monoclinic

Figure 1-7: The phase transition of BiFeOs crystal phase, from a-BiFeOs with
rhombohedral (R3c), to B-BiFeOs as tetragonal, and y-BiFeO3 as monoclinic (Bb).
Additionally, the mullite-type Bi2FeaO9 as orthorhombic.

1.3.2 Some Properties of BiFeO3 and BiFe+09 materials
Iron is the most common element on Earth, with the fourth most common element in
the Earth's crust, thus, iron-based materials belong to the Earth-abundant group along with

cobalt and copper. These elements have attracted attention for decades as nanoparticles
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and their implementations due to the fundament characteristics of low-cost, high

availability in all countries, stable structures and sustainability, and generally low toxicity.

Perovskite BiFeOs: So far, the multiferroic properties of the perovskite phase BiFeOs
are the most significant [48]. Multiferroic is a material that possesses two or more of the
following Ferroic properties: ferromagnetism, ferro elasticity, and ferroelectricity, as is
schematically depicted in Figure 1-8. Ferroelectric materials possess spontaneous electric
polarization, by applying an external electric field, the electric polarization can be reversed.
Ferroelectric materials have the application of ferroelectric random access memories
(FeRAM), the stored information is the remnant polarization of the ferroelectric property

[49].

However, so far, Iron oxides have many shortcomings in the application of
photocatalysis due to the very high recombination rate of the hole/electron pair [50]. In the
present Ph.D. thesis, we focus on these unexplored potentials of BiFeOs and BizFe409 as
photocatalysts. In the next paragraph -for completeness- we briefly review the multiferroic

as well as other pertinent technological properties of the BiFeO materials.

Materials that have multiferroic properties are very scarce. In this context, BiFeOs is
particularly interesting showing magnetic and ferroelectric properties [51] at room-
temperature conditions BiFeOs as ferroelectric, has a very high Curie temperature of Tc =
1143 K. The Curie temperature is defined as ferroelectricity ceases to exist with higher
temperatures than Tc. The ferromagnetic property has a spontaneous magnetization that
changes the polarization with the external magnetic field, while the anti-ferromagnetic

property has a Nel temperature of Tn = 643 K [52].

The secondary property of the multiferroic BiFeOs material has applications for
magnetic sensors and data storage. As a multiferroic, both memory applications can be

applied, and it can be beneficial for many other secondary applications [53] [54].

The multiferroic properties derive from distortions of structural electrons, and
Ferroelectricity derives from off-centered electron distortions of the d° position. Magnetic
properties require local spin electrons with the electron positions dJ with j being different

from zero. The contradiction between the two properties limits the materials that can have
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these distorted electrons in their structure [55]. For the multiferroic BiFeOs, the electric
polarization derives from the bismuth element, as the Bi*3 has a pair of electrons at s2
orbitals. In contrast, the magnetization derives from the iron element from the state Fe*3

[51].

M ticall
— agng icaly Multiferroic
Polarizable

Ferromagnetic O Magnetoelectric Ferroelectric

Figure 1-8: Schematic Summary of all the Ferroic properties, as conceptualized via the

"properties-overlap "scheme [53].

Mullite-type BizFes409: The Bi2Fes09 phase has near zero paramagnetic properties at
room temperature, whereas if the temperature drops at Tn=264K, it demonstrates
antiferromagnetic properties [38]. The structure has magnetic interaction in different
directions due to the Fe3* positions at the edge-sharing Fe octahedra and the corner-

sharing Fe tetrahedral, which each has a different magnetic field [56].

So far, important applications for BizFesO9 include gas sensors [57], and catalytic
oxidation of ammonia to NO, which require noble metals such as Platinum and Rhodium
that are very expensive [58]. In [59,60], the materials were employed for two different
catalytic applications. (A) Removal of organic pollutant 4-Nitrophenol. (B) Photocatalytic
water splitting to Hz and O2. The Oxygen Evolution Reaction (OER) procedure will be

explored in more detail in section 4.4 of the Ph.D.

BiFeO3:Bi2Fe409 have been reported to be very stable with unchanged crystal structures
and constant catalytic activities under hours of the catalytic processes [61]. BiFeO3 and
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Bi2Fe409 materials have been published to be efficient for catalytic degradation of organic
pollutants such as methylene blue (MB), Rhodamine Blue (RhB) [62,63], and Bisphenol-A
[64]. A heterostructure of the two materials BiFeO3/Bi2Fe409 has also been shown to have

an enhanced photodegradation of RhB [65].

Photocatalytic Applications of Bi-Fe-O Nanomaterials: One of the crucial parameters for
the application of photocatalysis is the band gap, Eg, of the materials or the photonic energy
required to excite one electron from the valence band to the conduction band. The
perovskite BiFeOs has a relatively small bandgap in the range of 2.1-2.8 eV, depending on
the morphology of the structure from the synthesis method [66], while Bi2zFe4s09 has a
bandgap in a similar range of 2.1-2.3 eV, although demonstrating a secondary band gap
approximately at 1.6 eV [67]. The low band gap constitutes both materials as visible-light
photocatalysts, thus able to absorb a much higher percentage of the Sun radiation [68,69].

So far, nanoparticles with Bismuth-based materials or perovskites have been shown to be
efficient photocatalysts, OER specifically the BiVO4 [70,71] and Bi2WOe [72], while the BiFeOs
had some promising publications for OER [68,69]. BiFeOs has been shown to combine
efficiently with other materials to apply visible light photocatalytic properties, such as
BiFe03/TiO2 nanohybrid that enhanced H2 production from water [73]. Heterostructure
BiFeOs/BizFe409 has been found to align the conduction and valence band of the two
phases, separating the electron/hole pair and increasing the photocatalytic activity [74].
However, Mullite-type BizFe409 hasn't been assessed for photocatalytic Oz production from

H20.

In the present Ph.D. thesis, we focus on the catalytic/photocatalytic evaluation and
optimization of BiFeOs and BizFe4O9 nanoparticles synthesized by FSP technology. A
complete, detailed study of the catalytic and photocatalytic properties of BiFeOs and
BiFe4Q9 is presented in Section 4.3 and Section 4.4 of the Thesis.

1.3.3 Spinels CuFe204 and CuBiz04
The structural characteristics of spinels remained largely unknown until 1915.
Bragg and Nishikawa later verified that spinels typically consist of a configuration

composed of A-O tetrahedra and B-0 octahedra [75]. In spinels, which are frequently
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represented by the composition AB204 (where A and B denote metal ions), metal A is
situated at the centers of positions with tetrahedral coordination, metal B is located at the
centers of positions with octahedral coordination, and anion (such as 02-) resides at the
vertices of the polyhedra (for conventional spinels) [76]. Generally, the tetrahedral vertices
are smaller in size compared to the octahedral vertices. As a result, cations with smaller
radii show a preference for occupying the A sites, while larger cations are inclined to
occupy the B sites [76]. In order for the spinel to be stable, the overall charge must be

neutral, as denoted by Equation 1-7.

qa+2qp = 4qx Equation 1-7

Within the realm of oxide groups, the CuM204 spinels, where M typically represents a
3d metal, have not garnered significant focus as photocatalysts. This is despite the fact that
they exhibit many favorable traits, such as their very low cost, a band gap attributing to d-d

photo transitions, and boast comparatively substantial absorption coefficients [77].

CuFez04: Copper ferrite (CuFe204) has been widely investigated as a magnetic material,
given its remarkable magnetic characteristics, high electronic conductivity, prominent
thermal stability, and low toxicity [78]. Moreover, its exceedingly affordable nature, due to
the presence of constituent elements, copper (Cu) and iron (Fe), renders it highly appealing

[78].

As for photocatalytic applications, an additional advantageous aspect of CuFe204
pertains to its chemical stability and direct band gap, strategically positioned in close
proximity to the optimal range of the solar spectrum, direct requirements for practical
applications on Earth [77]. CuFe204 has a band gap measuring 1.43 eV, with a high
Conduction band of -1 eV and a Valence band of +0.4eV [79]. Nonetheless, it suffers from
the limitation of a low quantum yield attributed to its restricted electron/hole mobility.
Consequently, in catalytic applications, it is being found by creating a heterostructure with
an additional semiconductor. Notably, combinations like CuFe204/TiO2 [78] [80] and
CuFe204/a-Fe203 [81] have been successfully employed for generating hydrogen from

water using visible light irradiation, leading to a significant enhancement in efficiency.
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The phase diagram for CuFe204 based on CuFe204/ (CuFe204/ Fe304), is shown in Figure
1-9(A). Traces of CuFe204 can be obtained at temperatures over 400 °C, although for most

synthesis techniques to obtain a 100% CuFe204 phase, temperatures 1000 °C are required.
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Figure 1-9: (A) The phase diagram of CuFez204/ (CuFez204/ Fe304) for the formation of
CuFez04 from [82], The phase diagram of Biz03/ CuO for the formation of CuBiz204 from [83].

CuBiz04: Numerous metal oxides based on copper exhibit inherent p-type conductivity,
including the archetypal Cu20. However, the operational stability of Cu20 has been
attributed due to the presence of Cu 3d character within the conduction band (CB). This
characteristic results in a self-reduction induced by photoelectrons, as the reduction
potential of Cuz20/Cu resides within the band gap [84]. To counteract this issue, a prevalent
approach involves alloying Cuz20 with another metal oxide to generate a ternary alloy, such
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as CuBi204 or CuFeO2. This alloying enables targeted modification of the CB, effectively
steering photogenerated electrons toward redox stable metal orbitals rather than the Cu 3d

orbitals [84].

CuBi204 possesses several attractive features as a p-type semiconductor, with
1.5-1.8 eV optical band gap [85] appropriate for the solar spectrum and with high
Conduction band of -0.66 eV and Valence band of +1.14eV [86]. For these attributes,
CuBi204 has been explored extensively as a photocathode for solar water splitting [87] [88].
However, reports are scarce on CuBi204 with high-purity that exhibits a high surface area
and small size [87]. These characteristics are important as CuBi204 has low charge mobility,
consequently constrains the diffusion length of photocarriers to a range of 10 to 52
nanometers [85].

The phase diagram for CuFe204 based on Biz203/Cu0, is shown in Figure 1-9(B). CuFe204
has a generally Low melting point around T = 851 °C. For pure phase CuFe204, the precise
1: 1 molar ratio of Bi203 and CuO, the temperature profile consists of 750 °C/24 h
calcination. In contrast, additional Bi or Cu content results in Bi2O3 or CuO particles [83]

[89].

1.3.4 Tantalum-Oxide-based Perovskites

Tantalum oxides Ta20s and their perovskites (NaTaOs3 and LiTaOs) have been
demonstrated to be among the most successful photocatalysts for water splitting and
hydrogen production [90-92], determined primarily by the d-orbitals of Tantalum and the

effect of alkaline atoms [93-96] forming perovskite structure, as shown in Figure 1-10.
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o Li

Figure 1-10: The crystal structures of Taz0s, NaTaOs, and LiTaOs3.

On the Phase-Diagram of Ta-Oxide and its Alkaline (Li, Na, K) Perovskites (Taz0s,
LiTa0s3, NaTa0Os3, KTa03)

Phase Evolution of Taz0s: The phase-diagram for the Ta-Oxygen system, based on the Bulk
dimension of Ta20s material, is presented in Figure 1-11(A). Stable Ta20s can be formed at
an oxygen concentration over 70% per mol of Tantalum and Temperatures over 600°C.
This shows that the stabilization of solid Ta20s particles requires diligent control of the O-
content and Temperature. In this context, in the present Ph.D. Thesis, we have
systematically screened these parameters i.e. Ta:0 ratio and Temperature in the FSP

process. These results are discussed in section 4.7.2.

Taz0s exists in two polymorphic configurations, namely aTa20s and $Taz0s (also
denoted as the high-temperature form HTa20s and the low-temperature form LTa20s,
respectively). The initial formation of aTa20s takes place around 600°C, undergoing a
transition to fTaz0s at a temperature documented around 1320°C, which varies based on
the stoichiometry of Tantalum and oxygen [97]. The melting point for the 3Ta20s phase
occurs at 1785°C, while the aTa20s phase melts at 1872°C [98]. The prevailing symmetry of
the low-temperature form is characterized mainly as orthorhombic, whereas the high-
temperature form is primarily identified as tetragonal. However, depending on the

synthesis methodology, it has also been documented as hexagonal and monoclinic [97].
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Figure 1-11: (A) The phase diagram of Ta/Oxygen for the formation of Taz0s from [97].
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(B) The phase diagram of Taz0s/ NazO for the formation of NaTaOs from [99]. (C) The phase
diagram of Taz0s/ Liz0 for the formation of LiTaOs [99]. (D) The phase diagram of Taz0s/
K20 for the formation of KTaOs from [100].

Phase Evolution of NaTa0s: In Figure 1-11(B), we present the phase-diagram for Na, Ta-
Oxygen system [99]. This shows that in Bulk materials, the required temperature is 1200°C,
resulting in the highest temperature formation of Ta-oxides perovskites presented. With
the Ta205:NaTaO3 mol ratio of 22% and below, the majority of the crystal phase will result
in the $Taz20s. With higher Ta20s5:NaTaOs3 ratios, the phase Naz2Ta4011 is presented. To even



have a trace of the desirable NaTa0s3, a percentage of over 34% is required, with the pure
phase obtained only in the limiting range of 45% to 50% Ta20s5:NaTaOs3 [99]. The NaTaOs
material results in Liquid at temperatures of over 1750°C. For completeness, TTB
represents a nonstoichiometric solid solution that exhibits an orthorhombic distortion of

tetragonal tungsten bronze-type lattice with superstructure indicating a tripled cell [99].

It is important to note that the phase formation of NaTaOs differs enormously in the
nanomaterials produced with the FSP method. Materials that were not fully crystallized in
the FSP synthesis i.e. the initial experiments before the appropriate method was
implemented, only required a calcination temperature of 700°C for 1 hour to obtain a fully
formed NaTaOs nanomaterial. This observation correlates with the results from the
formation of Bi-Fe-O materials. Additionally, in the present Ph.D. Thesis, we have
systematically screened the precursor Na:Ta ratio and the temperature profile of the FSP

process. The results are discussed in section 4.7.2.

Phase Evolution of LiTa03: In Figure 1-11(C), we present the phase-diagram for Li, Ta-
Oxygen system [99]. In Bulk materials, the stable LiTaO3 perovskite phase can be formed at
a narrow region of intermixing of Taz0s : LiTaOs ratio of 45-50%, with T>6000°C. At the 25-
45% Taz0s : LiTaO3, the obtained material is a combination of LiTaO3 and LiTa3z0s. At lower
ratios of 5-25%, the resulting combination is LiTa3zOs and fTaz0s. At higher temperatures of
T>1600 °C, the LiTaOs reaches its melting point [101]. This shows that stabilization of the
solid LiTaOs particles requires diligent control of the O-content, Temperature as well as

Li:Ta ratio.

Phase Evolution of KTa0s: In the present Thesis, we did not study the production of
KTa0Os. However, for completeness, we include the phase diagram for KTaOs as a
homologous material to LiTaO3 and NaTaOs. Figure 1-11 (D) presents the phase-diagram
for the Ta205/ K20 system [100]. As the other Ta-perovskites, the pure phase of KTaOs is
achieved at a very narrow Ta20s5:KTa0O3 mol ratio, for over 48% and a temperature of over
550°C, similar to LiTaOs. At lower ratios, the phase K2Tas011 is formed similarly to
NazTas011, although an additional phase KTas013 is obtained at a mol ratio below 16%

[100].
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On the Photocatalytic Properties of Ta-Oxide Perovskites

The selected perovskites have a very high conduction-band edge i.e. Ecs= -1.06 vs. NHE
for NaTaOs and -2.1 eV vs. NHE for LiTaOs [102-104], that enables photogenerated
electrons and holes to be very efficient for photocatalysis. Noticeably, the conduction band
is negative enough to reduce the -otherwise very stable- CO2 whose one-electron reduction
potential is -1.9V vs. NHE for CO2*-/CO2, and -0.61V vs. NHE for HCOOH/CO2 [105]. In
general, photocatalytic materials that can accomplish CO2 reduction are limited since many
nano oxide-semiconductors have Ecs near zero NHE or lower [106] e.g. TiO2 Ecg=-0.2V vs.

NHE [107]. Recently, photocatalytic CO2 reduction by NaTaOs has been reported [108].

The Ta20s material is currently used in several technological applications due to some
very unique properties [109-111], such as high refractive index (~2.125) for
optoelectronic applications, and teeth-filler [112,113], low-loss coating materials [114]
microelectronics such as high-k gate insulator [109,115]. Tantalum oxide materials have
good thermal, mechanical, and chemical stability, which enables them for consistent
photocatalytic efficiency without alteration in the crystal phase [110,116]. Tantalum oxide-
based nanoparticles are determined as safe contrast agents and are considered very
promising for computed tomography in cancer diagnostics. The properties that enable this
function are excellent biocompatibility and modifiable particle surface. At the same time, it
is competitive with the alternative particles(Au, Pt, Lu), considering the difference in cost
effectiveness [117]. The perovskite LiTaOs material has been widely used in the fields of
acoustics and optics due to excellent electro-optic, non-linear optical [118], with a very

narrow phase diagram, as shown in Figure 1-11(C) [101].

The Challenge of Nano-Sized NaTaOs: So far, the successful synthesis of
nanocrystalline Ta2z0s and NaTaOs3 phases have been established using various methods,
including sol-gel [119,120], hydrothermal [29-31], and solid-state [121,122]. These
methods frequently require lengthy pre- and post-synthesis steps, i.e. such as drying and
calcination, increasing the synthesis time and energy consumption considerably. In Figure

1-12, a comparison is shown for the very drastic time requirements for the most applied
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synthesis methods of nano-NaTaOs3, including the FSP method of this work. The calcination
of very high temperature is primarily a very limiting step that is required by most synthesis
methods, which severely increases the NaTaOs size in order for the stabilization of metal-

oxide NaTaOs perovskite phases, with a necessary 900°C temperature [123].
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Figure 1-12: Graph for the nanosize and the total synthesis time for produced NaTaO3

from various synthesis methods.

Thus, a critical challenge that remains to be addressed is the synthesis of very small-
size NaTaOs nanoparticles in the range below 50nm. In comparison, simple metal-oxides
such as TiO2 sizes of 20nm and below can easily be synthesized with various methods
[109]. The reported data on NaTaOs indicate that the synthesis of micrometric-size NaTaOs3
was well established by 2000 onwards, thanks to the pioneering works of Kudo [124] and
Domen [125]. However, decreasing the size of the NaTaO3 phase remains challenging for
below 100nm. The best method found in the literature, provided by Meyer et al, reported
25nm NaTaOs using an exotemplate method, although it still requires multiple steps and 22
hours for the final product [126]. The second smallest NaTaOs is provided by Ahmad et al.

with a size of 50nm utilizing a solvothermal synthetic method, with an even longer
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timeframe of 30 total hours [127]. In this context, current literature data for synthesizing

the smallest NaTaO3 nanoparticles report sizes in the range of over 50nm [127,128].

As for the synthesis of Taz0s, the size barrier is much lower as it is a simple oxide.
Although most methods have difficulty with sizes below 10nm [105], either the method
isn't applicable to produce these sizes, or the resulting particle is mainly 10nm and below
but has high amounts of impurities and amorphous materials[129]. These two factors,
nanosize and crystallinity, are well known to be minimal requirements for highly active
photocatalysts [130].

In Table 1-4, the nano sizes of the NaTaOs and Ta20s of the most prevalent and
correlated works are showcased, combined with the synthesis method and the total
synthesis period of the experiments, including the secondary steps, such as drying. The size
in all cases derives from the TEM measurements of the nanoparticles, the size derived from
the XRD and BET are omitted. The reason for this stems from the fact that most
publications of NaTaOs have large sizes, so TEM measurement is the most appropriate. For
this reason, on our own results, the drem is the measurement that has the more

considerable importance.

As for the synthesis by the FSP technique, Pratsinis et al[131,132] has already
established the capacity of FSP to produce Taz0s of high purity and crystallinity used for
optical applications or in dental fillings. However, the desired perovskite NaTaO3 phase or

the perovskite LiTa0s3 has yet to be successfully synthesized by FSP.

Table 1-4: Literature comparison of Size and SSA for Ta:0s5 and NaTaOs particles

synthesized by different synthesis methods.

: Synthesis period Crystallite SSA
Photocatalyst  Synthesis method :
y y (hours) size(nm) (m2g-1)
TDL (Taz0s: Our
+
0.5%Ni0) FSP 0.5 9.6 +0.2(drem) 34.0 work
NTDL (NaTaOs: Our
+
0.5%Ni0) FSP 0.75 12.3 +0.3(drem) 37.3 ok
NaTaO3 exotemplate method 22 25(drem) 22.4 [126]
solvothermal 24 synthesis + 6
NaTaO 50(d 77.3 127
atabs synthetic method dried/centrifuged (crew) [127]
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polymeric citrate

NaTaOs3 28 70(drem) 46.2 [128]
precursor route

NaTaOs: Sr doping molten flux 10 75(drem) - [123]
. hydrothermal 12 synthesis + 2

NaTaOs3:Sd 200-500nm(d - 133

atabs oping process dried/centrifuged nm(drev) [133]

NaTaOs solid-state reactions 10 2000(dsem) 0.5 [134]

Taz0s FSP 0.5 14.4(dger) 51 [132]

Taz0s Hydrothermal 24 30(drem) - [135]

A further aim of the present research included the one-step deposition of ultrafine
cocatalytic nanoparticles on the surface of the Ta20s/NaTaO3/LiTa0O3 nanoparticles. These
ultrafine nanoparticles, comprised of the noble metals Platinum(Pt) and Palladium(Pd),
which have been established as efficient electron acceptors for photocatalysis. Most
notably, in our work, we have studied NiO as a non-noble metal electron acceptor with a
substantially lower cost. Our hypothesis is that NiO would be effective due to the proper
alignment of band edges with those of NaTaOs. This issue of Band-edge alignment and the
ensuing band-bending is discussed in section 4.7.6. {NaTaOs/NiO} heterojunction
possesses great premise as photocatalysts [90]. In wet-chemistry methods, in general, the
NiO deposition as a cocatalyst on the material's surface is accomplished by the introduction
of additional synthesis steps, i.e. such as wet impregnation and calcination with the
supporting particle, in which the temperature can increase the particle size of tantalates,
limiting once again the small size [91]. A specific aim of the present Ph.D. Thesis work was
to establish a one-step FSP method to deposit the cocatalyst at the surface of ultrasmall

Ta20s / NaTaOs3 / LiTaOs with high crystallinity at nano sizes of below 15nm.

1.3.5 Strontium Titanate Perovskite

Strontium Titanate (SrTiOs) has the quintessential classical ABOs perovskite ideal cubic
structure [136]. SrTiOs was believed to be produced only by artificial methods, but in 1982,
it was discovered in Siberia under natural conditions and given the name Tausonite.
Although, it continues to be extremely rare in nature and only occurs as tiny crystals. The

SrTiOs perovskite was used for photocatalytic applications in the present thesis, as it has

Page | 46



received enormous attention as a photocatalyst. The advantage of SrTiOs, compared with
the Tantalum perovskKites, for example, comes from the lower price of the Strontium and
Titanium precursors [137]. SrTiOs The perovskite has the standard properties required for
photocatalysis, such as chemical stability, excellent thermal stability e.g. melting point as
high as 2080°C, a tolerance for carbon and sulfur, with the structure itself being highly
adaptable and modifiable for its oxidative properties [138].

In the BULK, the SrO-TiO: equilibrium phase diagram is shown in Figure 1-13 [139].
The perovskite SrTiOs is formed when the molar ratio of SrO and TiO: each is at 50% under
ambient conditions at high temperatures. Various secondary phases can be formed by
specific crystal or layer growth during the synthesis method, this can occur from
temperature inefficiency or lack of sufficient oxygen, causing the formation of Oxygen
vacancies that can result in converting the high symmetry cubic perovskite structure to

another symmetry [140].
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Figure 1-13: Equilibrium phase diagram of the SrO and TiO:z phases, derived from [139].
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Some Photophysical properties of SrTiOs

SrTiOs has a highly reducing conduction-band-edge energy position (Ecs) of -1.2eV vs.
NHE [141,142], which makes it a highly efficient photocatalyst for hydrogen production
from H20 [143]. Although SrTiOs has the disadvantage of a broad band gap Eg=3.2eV,
though lower than the Eg=4.2 eV of NaTa0s, the photonic absorption can only be permitted
for the UV range, thus there are two standard practices to negate this drawback, as shown
in Figure 1-14. The first is to incorporate appropriate dopants, altering the perovskite
structure, which can add additional energy states inside the bandgap of the perovskite, i.e.
decreasing the bandgap and increasing the lifetime of the photoproduced e-/h* pair. The
second practice is to attach another semiconductor on the surface of the perovskite,
creating a heterojunction. The secondary semiconductor has a lower bandgap, this -under
appropriate band-edge positioning- can promote photoinduced electron/hole pair

generation [144].

Figure 1-14: The two practices for the modification of the perovskite nanomaterial,
Dopants: adding additional atoms in the crystal structure, Heterojunction: attaching another

semiconductor on the surface of the perovskite SrTiOs.

So far, synthesis of nanocrystalline SrTiOs has been achieved with various methods,
each having distinct advantages/disadvantages [136,145] e.g., preparing the perovskite by
solid phase [146] has the benefits of relatively low cost, that is simple and can be mass-

produced. However, the disadvantage is that due to the high temperature of over 1000 °C,
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the resulting particles have rather large sizes, furthermore, the phase has impurities. The
sol-gel method [145] has the advantage of very high phase purity and small nanoparticles,
but the drawback is a much higher cost and added difficulty of the raw materials. The
hydrothermal method [137] has the advantage of producing nanoparticles of controllable
sizes under low temperatures but requires long synthesis times and advanced equipment,
resulting in particles that can have impurities. Moreover, a doping synthesis method of
SrTiO3 with an appropriate dopant-cation at very low and precise concentrations, or the
formation of heterojunctions between only the surface of SrTiOs and the selected co-
catalytic nanoparticles, pose additional difficulties, complexity, and cost of the synthesis
process [147], that many of the synthesis methods can only achieve it, by introducing

additional steps, that elongate substantially the required time.

In this context, it is of great importance to develop synthesis technologies for high-
quality SrTiOs that in one-step can facilitate doping of SrTiOs3 and heterojunction
SrTiO3/MOx formation, at the same time allowing scale-up production for later commercial

applications.

Herein, for the inter-atomic doping of the perovskite SrTiOs, the Lanthanum (La) atom
was chosen since it has already been shown to increase the electrochemical properties of
the perovskite [148,149]. Furthermore, Lanthanum can act as an efficient co-dopant with
other atoms or nanomaterials to create an effective synergy for photocatalysis [150,151].
In this context, the foremost scientists Domen [152,153] and Kudo [154,155] have
demonstrated that SrTiO3 co-doped with La and Ruthenium (Ru), exhibits high solar-to-
hydrogen energy conversion efficiency for the photocatalytic application of water splitting
to Hz. Moreover, selected cations e.g. La3*, Ce3*, or Nitrogen [142,156], change the
properties of structural, electronic, and photochemical properties of doped-SrTiOs,
controlling and enhancing the photocatalytic efficiency[157,158]. Thus, in this framework,
SrTiOs3 can act as a versatile template that can be optimized toward specific technologies

via doping engineering.

As for Heterojunctions, the controllable Surficial heterojunctions of SrTiOs with

pertinent metal oxides allow control of the selectivity of surface reactions. More
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specifically, Cu-atoms and their particles (CuO, Cuz0, Cu?) are particularly attractive in
photocatalytic processes. Studies show that CuO clusters on the TiO2 surface can serve as
an efficient co-catalyst to enhance Hz production [159,160]. Also, the Cuz0 on TiO2 was
reported to be more suitable for H2 production, which was attributed to the better energy
band alignment between TiOz and Cuz0, which facilitates charge separation [161,162].
More importantly for our research focus, the nanoparticles CuO, Cuz0, and Cu® have been
shown to control selectivity towards specific products i.e., Cuz0 exhibits selectivity towards
CH30H production and Cu® towards hydrocarbons and Cz products [163,164], as the results

in our work show.

In the present work, our advanced working hypothesis was that the in-tandem La-
doping of SrTiOs, with CuO/ SrTiOs heterojunctions, can allow the electronic/
photocatalytic properties control of the material in the application of photocatalysis for
selective photocatalytic products. This research route has been explored herein using our

FSP technology.

1.4 Flame Spray Pyrolysis

1.4.1 Historical Review of Flame Synthesis

Before 25 years ago, there were few publications for nanoparticle synthesis, since
then, the drive for accurate and precise nanoparticle synthesis has grown tremendously,
with several methods proving to create particles with below micrometric properties, from
air-based techniques to liquid-based and top-to-bottom solid technologies. With the
development of more and different techniques in the coming years, the technologies that
will stay applicable can only possibly be those with key-characteristics [165], such as: for
industrial manufacturing, the most fundamental attribute must be a low cost per kilogram
of nanomaterial, this is directly correlated to the speed of synthesis since a method that
requires a week-long production that requires several steps/ different instruments will
have a much higher cost than an hour long production with a single instrument. Moreover,

the resulting nanoparticles should have the utmost repeatability, with the attributes of high
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purity i.e. zero impurities of secondary phases and amorphous molecules, with precise and

controllable nanometric size [165].

The Flame Spray Pyrolysis (FSP) progenitor is the flame spray (FS) technique that
applies a flame to provide the energy/enthalpy to combine the atoms, with the starting
material arriving as gas or vapor to create small particles. The FS technique originated
from prehistoric times without of course clear understanding or application of the chemical
process. One of the first recorded nanoparticles was Carbon black, the material consists of
99.5% amorphous carbon with varying atomic sizes and different regions. Carbon black is
the oldest aerosol that is still manufactured, which was first created in India and Egypt in
prehistoric times, later China created it with the pyrolysis of oils to use it as pigments
(1500 BC). Also, it is essential to point out that carbon black was the first commodity to be
industrially important because of the wide range of applications that it can be used [166].

Moreover, soot can be flame-made, which had a valuable part in prehistoric life.

The first actual reactor for the technique of flame synthesis was created in the
1940s to develop fumed silica nanoparticles. However, the first principles of the theory
behind the process were first published many decades later by G.D. Ulrich in 1971 [167]. At
present, the largest quantities produced by FS are Titania TiO2, where Evonik, one of the
biggest chemical companies in the world, produces Aeroxide TiO2z (P-25). The list of
products is shown in Figure 1-15. P-25 is an excellent photocatalyst due to selective

percentages of rutile/anatase, the two different crystalline structures of TiO2 [166].

FS comes from two separate types of techniques that use the flame aerosol process.
The first is Flame Vapor Synthesis (FVS), which uses a flame to transform vapors that
contain the appropriate atoms with the proper enthalpy that transforms the atoms into
nanoparticles. The second is Flame Spray Pyrolysis (FSP), which uses a flame to

transform liquid droplets into nanoparticles [169-171].

Today, FSP is the technology adopted by most industrial and research works. Based on
technical advantages, the starting precursor materials are a crucial advantage of the FSP.
There aren't many metals in the gas phase at room temperatures, which limits the

materials that can be used to FVS or puts extra steps to turn them to their gas phase. In
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contrast, the FSP can operate with most of the elements in the periodic table for single or

multi-component nanoparticles [172].
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Figure 1-15: Evonik Industries products list produced from industrial Flame Spray

Titania [168].

Overall, today Flame Spray Pyrolysis (FSP) process is well established for industrial-
scale production, creating several particles at high production rates of Kg per hour
[173,174]. As such, FSP has produced several commonly used metal oxides [175]. FSP
utilizes high-temperature combustion in the range of 1000 to 2000K at the center of the
flame [176]. A liquid precursor consisting of metal atoms dispersed in an organic solvent,
this liquid precursor is then sprayed from a high-pressure oxygen gas to change it to the
form of aerosol droplets. Appropriate selection of precursor mixtures and process

parameters allows precise control of the crystal phases [175].

1.4.2 FSP Process: Principles of operation
(1) Precursor Droplet: At the beginning, a Precursor liquid is created from the
appropriate atoms and concentrations that are required to synthesize the resulting stable

perovskite/Oxides. The overall process is shown in the simplified scheme of Figure 1-16.
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Figure 1-16: Schematic for the fundamental transition from precursor Droplet to

nanoparticle formation mechanisms during flame spray pyrolysis (FSP).

(2) Pilot flame of the FSP nozzle: The pilot consists of a mix of oxygen and methane
that ignites the liquid precursor. The methane contributes to the total enthalpy of the
reaction and for very low enthalpy synthesis, it has a significant role, although the droplet

doesn’t interact with the pilot flame as such.

(3) Evaporation/Combustion: The Dispersion Flow rate (usually Oxygen) is inserted to
interact with the liquid droplet at a specific oxygen pressure at the tip of the capillary, thus
the droplet is dispersed, reducing the volume from a droplet (0.5cm3) to a form of vapor, at

that moment it interacts with the pilot flame leading to combustion.

(4) Nucleation: From the combined sources of enthalpy, pilot flames methane, the
carbonate solvent, and the metal powder used. Increasing the temperature to an average of
2000 9C at the center of the FSP flame, the vapor starts to create oxides from the
surrounding abundant Oxygen. The vapor's oxides begin to interact with itself due to the
high temperature, if the supersaturation of oxides reaches a sufficient point, then ultra-fine

primary structures begin to form.
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(5) Coagulation/Coalescence: By interacting with the surrounding materials, the
primary structures begin to grow into clusters and later into nanoparticles. The growth
ensues by coagulation and coalescence to the primary particle size of the nanoparticles

[177].

(6) Aggregates/Agglomerates: When the nanoparticles leave the high-temperature
zone (flame residence time). The particles continue to grow, but this time to form
aggregates (chemically bonded primary particles) of primary particles or agglomerates

(physically bonded) of the primary particle [178].

Agglomerates can be dispersed in liquid matrices, which are found useful in appliances
like paints and microelectronics. In contrast, aggregates can be used in porous films and
catalysis. While the performance of the nanoparticle usually depends on the primary
particle size, the processing will depend on the aggregation that the particle undertook in
FSP [179]. The residence time and the temperature of the hot zone impact the size and
sintering of the nanoparticles. The particles' size, morphology, and crystallinity can change
depending on the variables that consist of the temperature and the height of the flame

[178].

Parameters of the FSP process as tools to control the nanoparticles’ properties:
The most important FSP-process parameters that were utilized in the present work for the

synthesis of nanoparticles, were
(1) Precursor components (metal powder, solvent)
(2) Concentration of precursor
(3) Precursor/dispersion flow rate (P/D ratio)
(4) Dispersion-gas type and pressure
(5) Pilot flame
(6) Enclosure of the flame with a metal or quartz tube

The roles of these parameters can be found in Reviews [172,180,181]. Herein, we

detail some pertinent aspects that directly influenced our particles.
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Precursor flow rate: Increasing the precursor flow rate (P) means increasing the solvent
concentration in the flame, which manifests as higher enthalpy content in the flame. As a
result, the time for fuel combustion lengthens, producing an increase in the flame's
height/volume, with an increase in the High-Temperature-Residence-Time (HTRT).
This has two immediate consequences: first, an increase in crystallinity and crystal size,
and second, an increase in the particle-particle sintering rate, corresponding to larger

particles and larger agglomerates being produced [182].

Dispersion gas flow rate: The changes in the dispersion gas flow rate (D) impact
several attributes of the flame that change the nanoparticle attributes. In our set up, the
dispersion gas was always oxygen. Increasing the D flow rate promotes more diffuse flame
which decreases the flame height/volume. This results in a lower HTRT, which means less
sintering and smaller particle sizes (with smaller particle sizes and bigger SSA). Also,
increasing D decreases the precursor-droplet concentration in the flame (since there is
more D=oxygen), so the number of particles that react with each other decreases, which
results again in smaller particle sizes. Finally, with an increased D, the flame has a higher
maximum temperature at the center of the flame. Although the temperature drops rapidly
at the radial direction, the temperature gradient becomes way steeper, it can result in

transient crystal phases.

This brief analysis makes clear that the High-Temperature-Residence-Time (HTRT)
is among the most important parameters that one should control in FSP to control phase
composition and particle size [180]. Thus, in section 4.1.3, we discuss in the HTRT of our

FSP set ups.

Enclosing the Flame with a Metallic-Quartz tube: The tubes surround the FSP flame
with the aim of stopping the ambient-atmospheric air from interfering with the flame spray
jet. The separation of atmospheric air prevents the uncontrolled temperature drop i.e. that
would result due to the lower atmospheric-air temperature. Caution should be paid to the
fact that in conventional FSP reactors, the flame cannot be fully enclosed since ambient O2
can provide the necessary supplementary-Oz (in addition to dispersion 02) to sustain

combustion. Previous experimental and theoretical works [183] show that a very-small gap

Page | 55



of 0.3cm at the tube-base is more than efficient in order for the airflow that enters to fuel

the flame and create an upward push for the nanoparticles [183].

In the present work, we have diligently explored the role of enclosing tubes and the gap
to achieve optimal formation of the desired perovskite nanostructures. This, together with
the systematic study of the HTRT and the precursor's composition, allowed us to establish

novel FSP-protocols that allow the production of high-quality perovskites.

Thus, the addition of enclosing tubes in the FSP system can increase the high-
temperature residence time [184]. Conversely, if there isn’t a gap, we can calculate the
exact number of oxygen atoms inserted in the synthesis. To increase this technique's
effectiveness further, additional gas is applied externally surrounding the pilot flame,
codenamed sheath gas. The sheath gas, in most cases nitrogen gas, decreases the number of
oxygen interactions. With this procedure, the anoxic synthesis parameters can result in
suboxide nanoparticles such as SrTiOs-x. A flame enclosed by a tube typically produces
substantially bigger particles because of the increased residence time and the overall
increase in temperature above the hot zone, compared with a flame with the same
parameters. The tube enclosure can better control the flame combustion and the
surrounding atmosphere. In our experimental set-up, the metallic tube has a 20 or 40cm
height that is held just 1cm above the flame apparatus or with zero gap (nogap). The tube is
held by a clamp fitted in a metallic base.

1.4.3 Combustion Enthalpy Density, Combustion Stoichiometry Ratio (®), and High
Temperature Residence Time

Combustion Enthalpy Density Calculation: For an ideal combustion process with final

products CO2 and H20 in gas form with the resulting nanomaterials e.g. NaTaOs3, SrTiOs, the

combustion enthalpy density [185], can be calculated by Equation 1-8.

n = T
Ah= i=oXi X Ach; Equation 1-8
C - ~

n Py
i=oXi X M;
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The overall combustion enthalpy density Ach per unit (k] g1) is determined by the
specific combustion enthalpy Achi of each reactant-i, according to mi the specific mass of
each reactant, with xi being the volume fraction of each reactant in the precursor solution.
The index i refers to all compounds participating in the combustion [185], the two
gases(02/CHa), and every solvent present in the precursor mixture e.g. ethanol, xylene, and
others. The metal precursors can carry a high amount of carbons that assist in the
combustion. On the other hand, the precursor of Tantalum i.e. TaCls employed for the
synthesis of NaTaOs, doesn’t contribute to the combustion enthalpy. Finally, the enthalpy
AcH (k] mol g1) is calculated per mol of Na and Ta atoms present at any given moment in

the combustion process.

@ Ratio: The combustion stoichiometry ratio (®) that in our system expresses the
[Fuel-air] equivalence ratio is defined as the &=ratio [fuel-to-oxidizer ratio]/
[stoichiometric fuel-to-oxidizer ratio] taking into account all FSP process

parameters, that incorporate all gas and liquid flows provided to the FSP burner.
To calculate the @ ratio, Equation 1-9 is used, where

mruel represents the mass of all the components that produce enthalpy in the flame i.e.

methane, ethanol, xylene, and others.

Moxidant iS the mass of all oxygen 02 molecules of the system i.e. oxygen from the pilot

flame, Dispersion oxygen, oxygen species in the solvents, etc.

The subscript Stoichiometric stands for the stoichiometric conditions of the combustion,
producing H20, CO2, and the resulting nanoparticles [186].
mfuel/
( moxidant)Real(fed into the system)

D = Equation 1-9

mfuel
( /moxidant)Stoichiometric

The d-rules in FSP:

RULE-I: When in an FSP process ® >1, that signifies that there is more fuel in the

overall combustion that is required for complete combustion i.e. some carbon species
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won’t be consumed. Otherwise stated ® >1 signifies lack of 02, thus the FSP process

can be considered as “oxygen-lean” or “anoxic FSP”.

RULE-II: When in an FSP process ® <1, that signifies that there is more Oz in the
overall combustion that is required for complete combustion i.e. all carbon species will be
consumed. Otherwise stated ® <1 signifies excess of Oz, thus the FSP process can be

considered as “oxygen-rich”.

RULE-III: When @ =1, that signifies that there is exactly the necessary O: that is
required for complete combustion i.e. all carbon species will be consumed. This FSP

process can be considered as “stoichiometric”.

However, it is important to note that this ® ratio does not include the atmospheric air
in the event of the open flame FSP set-up, i.e. without an enclosing tube surrounding the

flame. Thus, enclosing tubes allows a more precise control of process engineering in FSP.

High-Temperature Residence Time: The combusted droplets produce primary
crystallites inside the flame’s hot field that grow to form the final particles via sintering at
the endpoint of the flame [169-171]. Thus, the final particle size is thermodynamically
controlled by the flame-temperature profile and the high-temperature residence time
(HTRT) [169-171]. Hotter temperature flames and longer HTRT tend to increase the
probability a nanomaterial will result in a higher energy-demanding phase structure i.e.
the perovskite structure in comparison to the separate oxides, with the inherent
drawback of producing larger nanosized particles [175]. Thus, the HTRT should be
controlled and calculated to be high enough to produce the desirable phase, but HTRT
shouldn’t be too high, prohibiting the synthesis of very large particles.
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Figure 1-17: The change in temperature profile for FSP process from different Tube
geometries [183]. Narrower tubes (left) produce more extended HTRT-profiles i.e. hotter-
flame, spread over longer (vertical and radial) distances. A conical-cylindrical tube (right)

further enhances the high-T profile near the start of the flame.

In this context, enclosing the flame with a tube that separates the atmospheric air from
interfering with the FSP process and fortifies the generated temperature of the flame,
enhances the HTRT. The tube should be a material capable of withstanding temperatures of
1000 OC. For this purpose, the tube consisted of metal Tubes or Quartz Tubes in the preset
work. Examples of the role of the diameter and height of the encircling tube in the HTRT, as
shown in the different tube morphology and geometries in Figure 1-17, derived from
[183]. Another important factor for the HTRT consists of the metal precursor concentration
in the precursor. Our results will later demonstrate that the concentration can result in the

appropriate perovskite phase and impact the particle size [187].

1.4.4 Double Nozzle FSP (DN-FSP)
Herein, we have used a Double-Nozzle FSP (DN-FSP) process i.e. using two FSP-

nozzles operating in tandem [188], which can produce two types of nanocrystals
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controlling each one’s properties independently and form a tightly interfaced

heterojunction, in one step [189], as shown in Figure 1-18.

Figure 1-18: (A) The Double Nozzle FSP (DN-FSP) makes two different nanoparticles
simultaneously. (B) The main adjustable geometry parameters (ai, az, b, x) for the two nozzles

in DN-FSP.

The DN-FSP synthesis technique has only recently been investigated to develop nano-
heterojunctions for photocatalytic applications [190]. Recently, our team has shown that DN-FSP
allows fine-dispersion of <2nm noble metals (Ag, Au, Pd, Pt) cocatalysts on TiO2 in a single
step, promoting the superior photocatalytic Hz production from H2O [190]. Herein, we have used
DN-FSP to finely disperse/deposit NiO (mean size 2 nm) on the Ta-nanoparticles and

nanoparticles CuO at the surface of SrTiO3z nanoparticles.

The Double Nozzle provides the synthesis method with several new possibilities for the
final particles [191]. (i) The main advantage is the precision of the deposition. Since the

flames are separated, the particles have already crystallized, and the particle size has
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almost stabilized when the NaTaO3 and NiO interact with each other. For this reason, the
NiO can only be attached on the NaTaOs particle's surface, i.e. not intermixing of the

particles [192].

(ii) The secondary attributes of the secondary particles can easily be controlled by
changing the dispersion flow and precursor flow rate separately, thus the resulting NiO size
changes. While the size distribution will be lower in comparison with the SN-FSP due to the
interaction with the primary atom particles, the resulting NiO will have a resulting broad

size.

(iii) Additional synthesis degrees of freedom can be enabled by the geometric parameters
(a1, az, b, x) [193], as shown in Figure 1-18. From the distance of Nozzles(x) and the height
where the flames will join (b), we can determine the size of the nanoparticles when they
interact with each other. Furthermore, by changing the distance between them to be high

enough, the oxidation state of the particles can be controlled.

1.4.5 Advantages of FSP Technology
The main attributes that facilitate the success of flame spray pyrolysis(FSP) can be

assigned to the below three factors, Figure 1-19.

LSERE

Sealability
Figure 1-19: The three fundamental attributes of FSP synthesis.
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1. Synthesis swiftness: The swiftness corresponds to the liquid that is inserted into
the flame. The total synthesis transition of combustion to nucleation and
aggregation only lasts a couple of seconds. Thus, it is one of the fastest synthesis
methods that exist for nanoparticle/perovskite synthesis. In comparison, a
chemical reaction in the case of wet-chemistry for the main synthesis will
require at least one hour for nucleation and the final desirable perovskite. Most
importantly, thanks to the very high temperatures, the whole process is
accomplished in a single step inside the flame, resulting in high-purity particles.
Since every secondary molecule used for the synthesis was transformed into
carbon dioxide and water, instant calcination inside the flame is extremely time
and cost-efficient. Alternatively, wet chemistry has several steps, consisting of:
nucleation, removing irrelevant molecules (filtration, washing, drying),
calcination for purity, and the appropriate phase transaction. Moreover,
inserting cocatalytic particles on the surface must be a secondary step
corresponding to hours or days of additional synthesis time. From start to finish,
a typical synthesis can last a week, compared with a total of half an hour for FSP
[184]. These different synthesis steps are shown in Figure 1-20.

2. System's flexibility: The FSP technology is exceptionally versatile, from altering
fundamental parameters like the concentration of the precursor, along with
precursor and oxygen flow rate, the oxygen pressure, total enthalpy of the flame
by changing the solvent, methane flow rate, all of these factors can
fundamentally shift the nanoparticle size and specific surface area (SSA), more
importantly, the crystal phases can alter depending on the flames enthalpy and
the concentration of the different precursor atoms [182,194]. All of these
parameters are very easily altered in the equipment, with no unique methods.

For advanced methods such as double nozzle FSP for the application of
synthesis of the heterostructure, anoxic condition of application of a tube that
supplies high nitrogen content for the creation of particles with lower oxygen in
the molecular structure (TiOz-x). All of these methods can easily be inserted into
the methodology, requiring a one-hour set-up at most, providing a whole other

range of nanoparticles that can be created.
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Figure 1-20: The basic steps of flame spray pyrolysis, powder precursor to precursor
solution to nanomaterials. The necessary steps of a wet preparation method include the

deposition of a dopant on the surface of the nanomaterial.

3. Scalability: The synthesis process is continuous by fueling the flame with
constant amounts of precursor solution for as long as necessary. The precursor
flow rate must change from a conventional 5 ml min™ to 30 ml min! and above.
These methods have proved to create successful simple oxide nanoparticles,
reaching the industrial manufacture of nanoparticles can reach the order of 1 kg
per hour for SiO2 [178]. For wet synthesis methods, in order to potentially reach
large quantities, there must be huge amounts of liquid solution that must remain

for hours or days.

Important Secondary benefits compared with wet-preparation methods. The FSP
doesn't create liquid byproducts that often require expensive cleaning methods. Also, due
to the rapid heating and quenching of FSP-made nanoparticles, there is the possibility of

creating metastable phases that can't be produced with wet-chemistry methods[165].
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FSP has been shown to produce perovskite-type/ simple oxides producing ultra-fine
crystallines with primary particles of 5 nm diameter and below, with a large specific
surface area i.e. 100 m2 g1, In contrast to other conventional synthesis routes, such as solid-
state synthesis that requires calcination at very high temperatures and synthesis time in
order to obtain the resulting nanoparticles, limiting the produced nanoparticles that will

have particles below 100 m2 g1 [194].

Disadvantages of the FSP technology: Some of the precursors can be very expensive,
in the case of Tantalum butoxide, while a limitation derived specifically for perovskites that
require multiple atoms, corresponding to multiple precursors, creating the possibility that
the combination of precursors/solvents react, resulting in heterogenous solutions or
creating precipitates in the solution, translating to incomplete combustion in the FSP [184].
Also, the nanomaterial of FSP commonly has geometries of spherical agglomerations, with
different geometries like tetragonal proving to be simply impossible for most particles

[179].

1.4.6 FSP as an Industrial Production Technology

Several methods used for nanoparticle synthesis aren’t scalable i.e. to transcend
laboratory production towards industrial scale for large-volume production. These facts
are against the actual implementation of real-life applications, hindering the connection of
lab-research to market-level production. When more complex nanoparticles require time-
consuming synthesis protocols with complex processes, these factors lead to very high

prices per Kilo of particles [181].

A majority of researchers occupy themselves with liquid-phase synthesis to create
nanomaterials. While gas-phase synthesis has already shown much premise for the
industrial production of nanoparticles, so far, single-metal nanomaterials are produced
through gas-phase processes [195]. Gas-phase synthesis includes many essential
commodity products that have been widely produced for many years, with some of the
most widespread nanomaterials for the industry, such as carbon black by the company

Cabot [196] as a reinforcing agent, P25 (TiOz) by Evonik Industries [168], renowned for its
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photocatalytic properties, pigmentary titania by the companies DuPont, Cristal, and
Ishihara, fumed silica (Si02) by Cabot and Evonik, as well as ceramic based nanoparticles
with the application of flame aerosol processes. Overall, the production of flame-made

nanoparticles generates millions of tons with a valuation reaching $15 billion/year [197].

The successful utilization of aerosol-made nanomaterials in the market indicates the
industrial-scale manufacturing of gas-phase will expand further with future applications,
using more complex particles and multicomponent particles that can’t be easily produced
at industrial-scale with other methods [198]. Utilizing the advantages of FSP, several Start-
up companies have grown to produce various particles with controlled characteristics to
fill the demand for niche markets [199]. Such start-up companies include Turbobeads AG
[200], which creates amine-functionalized cobalt carbon-coated nanoparticles. Hemotune
AG [201] produces polymer-decorated iron nanoparticles with carbon encapsulation for
the purpose of blood purification. Anavo Medical, for bioactive hybrid metal oxides,
Avantama AG, with the production of several metal oxides [199]. HeiQ Inc [202], which
recently had an IPO with a valuation of 127M £, produces nanosilver by FSP, which is the

third most market demanded, following carbon black and fumed oxides [203].

FSP synthesis can be implemented by laboratory FSP with production of 10g h-! to
establish the synthesis optimization protocol and the initial exploration for complex
particles, and industrial scale FSP with production rates at Kg h-1 [204]. With lab-scale FSP,
many particles reach 10g h-l. Examples include HfO (5nm, 89 SSA) at 15g h-1 [205] and
CeO2(8nm, 101 SSA) at 10g h-1 [206]. Pratsinis et al. synthesized particles of Silica/titania
with a production rate of 200g h1 [207,208], showing very different results with the
change of the fuel flow rate and the oxygen flow rate parameters. In this context, many
simple oxides have been synthesized with FSP, such as WOs3/TiO2 [209], or more complex
nanoparticles, such as Lao.sSro4Coo.2Fe0803-s with production rates as high as 400 g h-

[210].
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Table 1-5: Industrial production of nanoparticles by FSP, parameters, production rate,

size, and SSA.
Production Scale Up Parameters
Nano '
Rate Size(nm)
Particle
(Kgh?)
SiO: 1.1 4.7 33.3 50 26 108 [211]
Zr0:2 0.6 1 81 50 30 33 [212]
Zr0: 0.5 1 64 80 25 42 [213]
Y203/Zr0: 0.35 0.5 81 50 31 32 [214]
FePO4 0.27 - 20 40 129 108 [204]
ZnO 3 3.3 200 120 30 26.2 [215]
Bellite 0.03 1,1 30 30 54 34 [216]

So far, for the industrial-scale FSP, only a handful of particles were able to be
synthesized, see Table 1-5. The first industrial-scale FSP production was demonstrated for
SiO2, by Pratsinis et al,, producing uniform 25nm particles at 1.1 kg h-1 [211]. The next
particle achieved was ZrO2 with a production rate of 0.6Kg/h with an average size of 30nm
[212], after Wegner et al. produced ZrO2 at 0.5 Kg/h [213] with increased technological
expertise showing the fundamentals of the High-Temperature Residence Time for the Scale
Up synthesis of nanomaterials. In this context, Madler et al. explored CFD-PBM modeling of
ZrO2 FSP synthesis [217] at high productions to discover the attributes of the resulting
nanoparticles. Later on, yttria-stabilized zirconia (Y203/Zr02) was produced with the same
parameters, with only the molarity dropped by half, decreasing the production rate at 0.35
Kg h-1 [214]. Wegner et al. produced FePO4 nanoparticles with 0.27 Kg h-1 with a mean size
of 129nm [204]. Wegner et. Al manufactured ZnO nanorods with the highest production
rate so far, at 3 Kg h-1. The resulting nanorods had a length of 30nm and a mean aspect
ratio of the rods at 2.3 [215]. Recently, the production of Belite has been achieved in Scale-
Up conditions with a production of 0.03 Kg h-1, the low production is due to the formation

of amorphous and other derivatives such as alite, CaCOs3, etc. [216].
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1.4.7 Perovskite Syntesis by FSP

FSP has been established to successfully produce a wide range of single-metal
oxides [175]. However, establishing FSP process parameters for producing ABO3
perovskite nanomaterials is typically more challenging, e.g., avoiding the formation of the
separate oxides AOn and BOm. The relative importance of process parameters will be
exemplified in the duration of this thesis and the publications derived from it. Besides the
research conducted in this thesis, there are less than ten overall perovskites FSP synthesis
publications by Kudo and Amal for BiVO4 [218] and W and Zr-Doped BiVO4 from our team
[219], works on the multiple perovskites based on Lanthanum for LaMOs (M = Mn, Fe, Co)
[220], finally, some Titanium-based perovskites with BaTiOs [221], as well as Abe and
Laine for LazTi207 [222].

The First publication for FSP-engineering of BizFes4O9 mullite-type and BiFeOs3
perovskite [223,224], the second perovskite synthesized NaTaO3 [225], and the LiTaOs that
has yet to be published, to underline in all these perovskite materials, our laboratory team
was the first to synthesize them via FSP in the literature, with the exemption of SrTiO3 that
while at the first successful production of FSP-made SrTiOs in our laboratory there wasn’t
any publication yet submitted. Still, our publication wasn’t the first as C. Zhao et al.
published the two following works [226,227] that showcased their use for catalytic
combustion of CO and CHs, however with no reference to photocatalytic evaluation or

optimization, unlike our publication [228].

1.5 Photocatalysis

1.5.1 Hydrogen as a renewable energy source

A necessity for alternative energy sources: With the projected increased population of
the Earth and the increased energy demand from the average human daily life, the
generation and the energy source required are of crucial importance in the upcoming
years. Currently, the overall global energy production with more than 80% based on fossil
fuels such as petroleum, natural gas, and coal. The excessive dependence on fossil fuels

from all major economic countries has become a critical global challenge in today's
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economy [229]. As the fossil fuel sources are declining steadily every year, with the
speculated current fossil fuel reserves resulting in global energy support a maximum of 40

years for petroleum, 60 years for natural gas, and 156 years for coal [230].

Furthermore, fossil fuels severely impact the environment, with hazardous air
contamination in major megacities emanating chronic health issues, with the most
important effect being the production of greenhouse gases that are a major contributor to
planet warming. The overall trajectory shows that global warming will exceed two °C above
the pre-industrialized levels, resulting in a devastating change in the world's landscape and

sea levels that will drastically deteriorate the global economy [231].

For these reasons, an alternative sustainable energy source should have: (1) Abundant
energy supply. (2) Reduction of global carbon emissions. (3) Zero or minimal impact on the
environment. (4) Industrial and technological energy base providing the energy source

[230].

Solar Radiation: There are three major applications for the formation of renewable
energy from a clean and plentiful source: solar radiation, geothermal heat, and the spinning
of the earth that results in tidal waves. In this work, the renewable source used was solar
radiation, also being easier to apply, with higher amounts of accessible energy. The
radiation of the Sun that reaches the Earth amounts to 173.000 TW [232], which is divided
into the interactions with the Earth’s atmosphere, with 30% of the radiation getting
reflected back to space, 23% gets absorbed in the atmosphere gasses, and 47% of the
energy reaches the Earth's surface. From these divisions, the alternative sources are
divided that can subsequently generate electricity. The 45% in direct beam radiation is the
main attributed source for the employment of photovoltaic or other solar-driven devices,
22% in hydro energy employed in hydroelectric dams, finally minor contributions to wind
energy at 2%, and less attributes at 0.02% to photosynthesis [232]. From the direct beam
radiation, by estimation of a device with an energy conversion of 20% efficiency that is

already achievable, the estimated energy is 15 PW, where the global energy usage at
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0.015PW, thus a fraction of the planet surface to be covered with devices such as these, the

world will have clean and sufficient energy for the global needs of the future.

Hydrogen as an energy source: The model for employing hydrogen as an energy carrier
was theorized over two centuries ago, although the driving forces were recent, with the
global energy crisis of the 1970s that increased the price of fossil fuels and the
technological advances in the 1980s [233]. As of 2020, most of the hydrogen production, as
much as ~95% is produced from fossil fuels, with the main application of steam reforming
of the fossil fuel source of natural gas, with secondary application of light hydrocarbons,
partial oxidation of heavier hydrocarbons, and coal gasification. Due to this fact, the global
output for hydrogen production emits 830 million tons of carbon dioxide to produce
merely 74 million tons of hydrogen [234]. Nevertheless, the global hydrogen generation
market size was valued at USD 155.35 billion in 2022, with further expected expansion at a

compound annual growth rate (CAGR) of 9.3% from 2023 to 2030 [235].

The exploitation of direct beam radiation photons for photocatalysis applications is an
established green technology approach [236]. Thus, the current thesis will focus on water
splitting with the energy source to be provided with photonic radiation. From the
photocatalytic water splitting, two products are obtained oxygen and the desired hydrogen
gas. The focus of hydrogen as an energy carrier is examined from the list of fundamental

advantages, although the fundamental disadvantages will also be mentioned [237].

Advantages of hydrogen energy:
(1) Hydrogen has a very high specific energy output per mass (142M]/Kg), as shown in
Table 1-6, with almost triple specific energy per mass output compared to gasoline.

(2) The source is abundant since the main component is water.

(3) Under hydrogen combustion, the reaction produces non-toxic exhaust emissions, apart

from very high temperatures that can result in NOx as a byproduct.
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(4) Hydrogen is essential as a component for other chemical syntheses in an industrialized

society, i.e. oil refining, production of ammonia, etc.

Table 1-6: Comparison of some selected fuels compared to energy content and carbon

emission [238].

Energy per unit Energy per Unit Specific Carbon Emission

mass (M] Kg1) | Volume (M] m3) (C per Fuel, Kg1)
Liquid Hydrogen 1419 10.1 0
Gaseous Hydrogen 141.9 0.013 0
Fuel Oil 45.5 38.65 0.84
Gasoline 47.4 34.85 0.86
Natural Gas 50 0.04 0.46
Charcoal 30 - 0.5
Methanol 22.3 18.1 0.5
Ethanol 29.9 23.6 0.5

As for the disadvantages of hydrogen, in the event hydrogen is in contact with the
atmospheric air, unsecured combustion will lead to a safety hazard and the probable
subsequent destruction of the devices. Hydrogen liquefies at very low temperatures, thus
storage as a compressed gas or low-temperature liquid has additional energy costs.
Hydrogen gas transportation needs high-pressurization. However, in-situ production and

use can alleviate this drawback.

In conclusion, hydrogen derived from an appropriate green-technology is
environmentally clean and the sources required are plentiful. Nevertheless, the global
hydrogen supply will steadily increase, which is expected to have a crucial role in the
locomotive industry as long as the batteries for electric cars remain costly and based on
rare materials [239].

Additionally, in water splitting, the Oxygen evolution reaction(OER), or water
oxidation, attracts consideration from the research community, as the OER is more

challenging than the equivalent HER [59,60].
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1.5.2 Semiconductors for photocatalytic reactions
Semiconductors, metals, and insulators are three types of materials that differ in their

ability to transfer charge carriers, as seen in Figure 1-21.
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Figure 1-21: The positions of the Valence Band, Conduction Band, and Fermi level for the

three different material classes of Metal, Semiconductor, and Insulator.

Semiconductors: Semiconductors are materials that have electrical conductivity
between that of metals and insulators. They have a relatively small band gap, which is the
energy gap between the valence band (the highest occupied energy band) and the
conduction band (the lowest unoccupied energy band). This means they can conduct
electricity under certain conditions, such as when exposed to light or heat. Semiconductors
are commonly used in electronic devices, such as transistors and solar cells [240]. Metals
are materials that have high electrical conductivity and nonexistent or very low band gap,
with the Valence Band (VB) having less than 0.1 eV potential difference than the next
energy lever of the Conduction Band (CB). Insulators are materials that have a very high
resistance to the flow of electrical current. They have a huge band gap, which means that

they do not conduct electricity efficiently [241].

Fermi level: The Fermi level is a concept in solid-state physics that describes the

energy level at which the probability of finding an electron is equal to 0.5 (i.e, there is a
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50% chance of finding an electron at or below the Fermi level). In a solid, electrons are
restricted to certain energy levels called energy bands. The Fermi level separates the
energy bands that are completely filled with electrons from those that are partially filled or
empty. At absolute zero temperature, all electrons are in their lowest energy state and

occupy the available energy levels up to the Fermi level.

The position of the Fermi level also determines the availability of states for electron
transport and affects the behavior of the solid under different conditions, such as
temperature and doping. The Fermi level is a fundamental parameter in understanding the
electronic properties of metals, semiconductors, and insulators. In semiconductors, for
example, the Fermi level lies within the bandgap, in which no electrons exist for this energy

range [242].

Direct-Indirect transitions: The bandgap transition exponent can have four different

values depending on the transition of the electron [243].

Direct allowed: p=1/2
Direct forbidden: p= 3/2
Indirect allowed: p=2
Indirect forbidden: p=3
The transition can be either direct or indirect, also it can be allowed or forbidden. In
a direct transition with the energy of the photon, an electron immediately transfers to the
lower part of the conduction band. In an indirect transition, the excited electron must first
lose energy in the form of phonons in order to transfer to the lower part of the conduction
band. The allowed or forbidden transitions are categorized if the transition-matrix element
is equal to non-zero or zero, respectively [243]. In most common cases, p=1/2 is used i.e.
assuming direct-allowed. A great example to better understand the Direct-Indirect
transitions is the example of Bi2Fe409, as shown in Figure 1-22, since it possesses two band
gaps, with the main 2.1eV band gap being an indirect transition, while the secondary band
gap of 1.6eV is designated as direct allowed [244], this is further analyzed on the

computational results in section 4.4.5.

Page | 72



Total Fe-3d Bi-6p Bi-6s O-2p

5,0 1‘
* ; » \ = Spin
S" 0.0 : Z.I:EV: ; 0 up
L QCY L
W -2.5
W
5,0
=== Il
10,0 e ey IIWIIm

X u RLC Z T Al s X u R

Spin l:lp Spin down DOS(states/eV)

r z

Figure 1-22: Theoretical energy band-structure and DOS of ferromagnetic BizFe4Oo.

Defects: A defect in a semiconductor is an impurity or an imperfection in the material's
crystal structure. Defects can be intentional, such as dopants added to create a p-type or n-
type material, or unintentional, such as lattice vacancies or interstitial atoms [245]. Defects
can affect the electronic properties of the semiconductor, this can have both negative or
positive results in photocatalysis. The negative results, when the defect creates a “deep”
energy well-localized state in the energy bandgap, codenamed as a “trap.” A trap can collect
the photoexcited electrons or holes, reduce the lifetime of the charge carriers or act as
recombination centers, producing a non-radiative recombination and reducing the

efficiency of the semiconductor [245].

Positive results, inserting a small concentration of Cation or anion dopants in the crystal
structure [246] or with the removal of oxygen species in the structure [247] i.e. AO2x,
introduces occupied or unoccupied states within the bandgap. Oxygen vacancies(Vo) create
a series of transition levels as electrons could be excited from the Vo states into the bulk CB
[248], resulting in two-photon electron photoexcitation via VB = Vo, and Vo — CB. Thus,
this separate two-photoexcitation can result in a switch from a semiconductor absorbing
only Uv radiation to absorbing visible light [249]. This also corresponds to a change in the
color of the sample. Furthermore, the overall efficiency of the photocatalysis can increase

substantially [249].
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Semiconductor photocatalysis: When a semiconductor receives a photon from the sun
or another radiating source that possesses energy bigger than the Band Gap. Then an
electron (e) that originated in the Valence Band is excited to the Conduction Band, from
the previous electron energy state, the absence of the electron in the valence band is called
a hole (h*) and is considered a positive charge. The whole process creates an electron-hole
pair, but this pair is metastable, meaning that it has a limited lifespan before the system
reaches equilibrium again. If nothing interacts with the electron/hole pair, then the
electron descends from the Conduction Band to the Valence Band, this process is called
recombination. Different semiconductors have very different recombination lifetimes,
where materials with a very small band usually recombine much faster than materials with

a much larger band gap.

Energy

Band Gap
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Figure 1-23: Photocatalysis by application of the separation of the electron/hole pair in a

semiconductor, the basic mechanism of oxidation, and reduction of the electron/hole pair.

The electron-hole pair as an energy source can be utilized for photochemical
reactions, as seen in Figure 1-23. Suppose the electron in the Conduction Band makes
contact with a chemical compound A. In that case, Reduction will occur, where the excess
electron of our material will transfer to the new chemical compound producing A-®. The

second part of the reaction occurs with the hole in the Valence Band. The reaction now is
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an Oxidation of the chemical compound D, which means that an electron from the
compound D will transfer to the material, altering the chemical compound to D*. As one of
the electron/hole pair contributes to the oxidation/reduction of a compound, then

fundamentally, there is no possibility for recombination [250].

The interaction between the elector-hole pair of the semiconductor and a chemical
compound in order to occur has some strict criteria. First, the energy position of the
material and the chemical compound must have the proper band edges for the redox
reaction. For every chemical reaction to occur, the energy supplied by the pair must be
more or equal to the energy required for the transition from A to A® or D to D*. To
graphically make this transition coherent, the Y axis is considered to be the energy level. At
the bottom are the chemical reactions that have less energy and are therefore, more stable.
In the X axis, the semiconductor's energy levels and the chemical compound's redox band
edges are shown. As a general rule, the electron can only go in a lower band edge energy,
and a hole can only go higher in a band edge energy [251]. There are four possibilities for

the interaction of two compounds, as demonstrated in Figure 1-24.

1. Reduction: For reduction to happen, the electron of the semiconductor CB must be

higher than the reduction band edge of the chemical compound.

2. Oxidation: For oxidation to happen, the hole of the semiconductor VB must be
lower than the oxidation band edge of the chemical compound.
3. No reaction: If the CB is lower than the redox level and the VB is higher than the

redox level, neither reduction nor oxidation happens.

4. Redox reaction: If the CB is higher than the redox level and the VB is lower than the

redox level, then both reduction and oxidation occur.
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Figure 1-24: The energy positions of the semiconductor at electron/hole pair (Left) and
the energy levels of a chemical reaction(Right) of the four possibilities of the electron-hole

pair, (A) reduction, (B) oxidation, (C) no reaction and (D) redox reaction.

1.5.3 The Electrochemical Energy scale, Standard or Normal Hydrogen

Electrode(SHE, NHE)

In solid-state physics, we consider the Absolute Energy Scale, on which zero is
defined as an electron's energy at rest in a vacuum, as shown in Figure 1-24 [251]. The
vacuum level is expressed as the energy required for an electron to transfer to a position
infinitely far from any charges, the position of a free stationary electron without the feeling
of charge is considered (E = 0 eV). The formula for converting the material's band edges
from NHE to a vacuum level is shown in Equation 1-10 [251]. The arbitrary standard
Hydrogen electrode (SHE) OR Normal Hydrogen Electrode (NHE), potential scale used by

electrochemists is shifted by -4.5 eV with respect to the vacuum energy. Most major
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applications of photocatalysis are depicted with the NHE scale, where the arbitrary 0 V

correlates to the energy where water reduction occurs to produce hydrogen.

Eredox = —4.5eV — e U,cdox Equation 1-10
(A) Eevy — Eqy
Vacuum (NHE)
0 Vacuum Level
Absolute Energy 25 _“ “_ 2 Electrochemical
Scale - - Scale
3.5 = - 1
as]. Lo 2nma-0
557 _ -;1 22/120(V=1-23)
-6.5 = e +2
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— -1 H2
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Figure 1-25: (A) The positions of Vacuum energy compared with the NHE at pH=0, (B)
The mechanics of photocatalytic water splitting, with the OER forming from the oxidation and
the HER forming from the reduction.

The main differences between the two scales are

1. In the electrochemical scale, the units are in Volts (Voltage), while in the absolute energy
scale are in eV (energy).

2. In the electrochemical scale, the potential (voltage) has the opposite “polarity” to the electron

energy, e.g., an increase in potential corresponds to a decrease in energy.

Eyp(or Ecg) = — constant — 0.059 pH (V,NHE) Equation 1-11
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Figure 1-25(A) graphically shows the comparison of the two energy levels and the two
energy levels for the water spitting (redox reaction), which will be expanded upon later.
The energy band edges are very dependent on the total pH of the solution. By changing the
pH by a factor of one, the band edges shift by 0.059 mV. This result has been calculated
theoretically by Nerst et al. [252], as shown in Equation 1-11. Thus, the band edges can be

tuned by shifting the Ph values in order for our desired chemical reaction to occur.

In Figure 1-26, we present the positions of Vacuum energy compared with the NHE
with the altered Redox potentials at pH=7. Noticeably, a shift of almost 0.41V is altered
with the pH shift. Additionally, the prominent Redox potential of CO2 reduction is shown
[106].

Electron acceptors/Hole scavengers: To avoid recombination between electrons in
the conduction band and holes in the valence band, Figure 1-26. Additional substances can
be included in the photocatalytic process, that collect one of the charge carriers, inhibiting
the recombination rate, thus increasing meaningfully the reduction or oxidation reaction
[253]. An electron acceptor draws the CB electrons from the semiconductor, the most
common electron acceptors are metals due to their excellent electrical conductivity. The
work functions are presented with Pt0 : ¢=5.6 Ev, Au® :(p=5.1eV [254], and Ag? : @p=4.2eV
[255]. The metals collect the electrons from the semiconductor and subsequently reduce
the appropriate substrate i.e. water to Hz. Furthermore, electron acceptors such as Na2S20s
[256], reduce themselves to substrates that remain neutral in the photocatalytic reaction,

increasing the effectiveness of the semiconductor holes for oxidation.

Hole scavengers include methanol, ethanol, isopropanol, ethylene glycol, glycerol, and
many others. These substrates have high potentials i.e. methanol at +0.2 V vs NHE [257],
that have fast reactions with the semiconductor holes [258], generating stable species that
do not interfere with the reaction, thereby eliminating the effect of recombination of the e-

/h* pair [253].
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Figure 1-26: The positions of Vacuum energy compared with the NHE at pH=7. The
mechanics of photocatalytic mechanisms that employ Electron acceptor and Hole scavenger,

with the Redox potentials for water splitting and COz Reduction.

1.5.4 Band Bending in Semiconductors and Metals Particles

Band bending refers to the phenomenon wherein the electronic band structure in a
material curve upward or downward in the vicinity of a junction or interface. It's important
to note that this term does not imply any form of physical bending or deformation. In
situations where the electrochemical potential of the free charge carriers differs around a
semiconductor's interface, there is a migration of charge carriers between the two
substances. This process continues until an equilibrium state is attained, with the

elimination of the potential difference [259].

The Band-Bending between a Metal-Semiconductor is first considered, as shown in
Figure 1-29. In the region where the metal and semiconductor are in contact, the charge
carriers will begin to shift according to the Er of each material [260]. For a metal, the Ermis

at the bottom of its CB [260], while in the event of an intrinsic semiconductor, the Ers will

Page | 79



be at the center of the Eg. There are two possible cases for the work functions, with ®m>®s

and ®m< Ps (in association with the Evac).
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Figure 1-27: The parameters band gap Eg, Fermi level EF, electron affinity Xs, and work
function ®, based on the metal and Semiconductor (Intrinsic, n-Type, p-Type).

The fundamental parameters to understand the band bending phenomenon at the

interface of two materials, see Figure 1-27,
- The band gap Eg
- The Vacuum energy Evac
- The Fermi level Er
- Xs is the electron affinity of the semiconductor

In the case of a metal, the Erm is determined as the lowest occupied state which is

typically taken to mean the bottom of the conduction band.

- the work function of the metal ®m and the work function of the semiconductor ®s,

the work function is determined as the energy from the Er to the Evac.
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-The work function of the semiconductor ®s. This can be classified in three
configurations of the semiconductors i.e. intrinsic, p-type, n-type. An intrinsic
semiconductor has the Er at the center of CB and the VB, meaning that in an intrinsic
semiconductor, the work function ®sis acceptable to be determined as the Xs in addition to
the half of the band gap Eg The other two states are defined as n-type and p-type
semiconductors, where the semiconductor, due to the crystal structure or different atomic
dopings in the crystal structure, has a different balance of charge carriers, for the n-type
semiconductor that n derives from the negative charge since the electrons are the majority
carriers, and holes are the minority carriers, in this case, the Er is greater than that of the
intrinsic semiconductor and lies closer to the CB than the VB. In the case of p-type
semiconductors, the p derives from positive charge since the holes are the majority

carriers, shifting the Er below the intrinsic semiconductor being closer to the VB [261].

Depletion Accumulation

Flat Band
layer layer

Figure 1-28: Schematic diagrams showing the Flat Band, Depletion layer, and

Accumulation layer.
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Metal-Semiconductor Interface

There are two possible cases for the work functions, with ®m>®s and ®m< Ps (vs the

Evac).

In CASE ®n>®s, under contact and equilibrium, the free electrons will be transferred
between metal and semiconductor, see Figure 1-29, Electrons will flow from the
semiconductor to the metal until the Fermi levels of Erm, and Ers are aligned. As a result, -
at the interface- the metal will become negatively charged and the semiconductor
positively charged i.e. due to the low concentration of electrons (=excess of positive
holes) in the semiconductor. The space charge region of the semiconductor, due to the

excess positive charge, is named the depletion layer (Figure 1-28).
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Figure 1-29: Energy band diagrams (in the Absolute Energy Scale) of a metal and an
intrinsic semiconductor, (left panels) not in contact. (right panels) in contact after

equilibrium (Schottky Junction). The two different cases of ®m>®Ps and Pm< Ps.
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In CASE ®m<®s, the electrons transfer from the metal to the semiconductor, with the
semiconductor accumulating excess negative charge. In this case, the space charge region
is called the accumulation layer (Figure 1-28). For simplicity, if Erm is below Eggs, a
transfer of electrons will occur from the metal to the semiconductor until the two Fermi

levels are equal.

Thus, in both ®m<®s or Pm<Ps, the band-edge position is shifted at the interface. This

is the band-bending phenomenon.

-The depletion layer has an upward band bending, see Figure 1-28 with the positive
charges existing at the semiconductor surface and negative charges accumulate near the

surface i.e. the metal in this event.

-The accumulation layer has a downward band bending, see Figure 1-28 due to the

increase of free electron carriers and the decrease of hole carriers [259].

The degree of band bending depends on the relative Fermi levels and carrier
concentrations of the materials forming the junction. This can be theoretically calculated
from the work function difference between ®m and ®s, resulting in the band offset, as
calculated by Equation 1-12. When &m > &s, usually derived from an N-type
semiconductor, a Schottky barrier (®sg) is formed at the interface of the two materials
from the difference between the ®m and the semiconductor electron affinity Xs, Equation
1-13. No Schottky barrier exists at ®m < ®s in an n-type semiconductor, and the

metal-semiconductor contact is ohmic [262].

band of fset = |®; — D, Equation 1-12
Pspg = Py — Xl Equation 1-13

Semiconductor-Semiconductor Interface

For the interface of two different Semiconductors, the same rules apply as in the Metal-
Semiconductor interface, as shown in Figure 1-30, where we discuss the interface between

an-Type semiconductor and a p-type semiconductor.
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When in contact and in equilibrium, the Fermi level of the two semiconductors are
aligned. Thus, based on the band offset, the appropriate band bendings are formed, with a
depletion layer for the n-type semiconductor and an accumulation layer for the p-type

semiconductor [262].
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Figure 1-30: Energy band diagrams of n-Type semiconductor and p-Type semiconductor,

in the event of not in contact and in contact under equilibrium.

The Heterojunctions

For a successful redox reaction, as shown in Figure 1-24, there are two cases for
successful and efficient electron-hole transfer processes between two interfaced-

semiconductors.
We can classify two types of heterojunctions:

- a Type-II heterojunction, as shown in Figure 1-24(A), where the first Semiconductor

(SC1) has a higher VB and CB, thus
Er(SC1)>Er (SC2)
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SC1 will transfer the electrons to the second Semiconductor (SC2), while from the VB of
SC2, the holes will be transferred to the VB of SC1. Thus, the SCI acts as a hole sink and SCII
as an electron sink, separating the electron/hole pair and significantly increasing the half-

life of the charges [263].

[(A) TYPE - Il HETEROJUNCTION | [(BB) Z-SCHEME |

Semiconductor Semiconductor Semiconductor | | Semiconductor
i ] 1 [[]

® [(C) TYPE -1 HETEROJUNCTION |

Semiconductor Semiconductor

Figure 1-31: The energy band schematics between two semiconductors: (A) Type-II
Heterojunction, (B) Z-Scheme, (C) Type-I Heterojunction.

-Z-scheme, as shown in Figure 1-24(B), a particular case of Type-II heterojunction.
There is a single charge transfer-event, where the electrons from the lower CB in SC2, are
transferred to the VB of SC1, recombining with the holes of SC1. In this case, the electrons

remain in the higher CB energy and the holes in the lowest VB energy, which allows a
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higher activity of Redox reactions [263]. Furthermore, the electron/hole pair is spatially

separated, inhibiting the recombination rate.

-Additionally, Type-I heterojunctions, as shown in Figure 1-24(C), the bandgap of one

semiconductor is completely contained in the bandgap of the other one, thus
EcB(SC1) <Ecp(SC2) and Evs(SC1) >ECV(SC2)

This heterojunction is deemed inefficient for photocatalytic applications, as all charge
carriers accumulate in the second semiconductor, leading to higher recombination rates.
Furthermore, as both charge carriers result in a lower energy potential, the catalytic

application becomes fewer and with lower efficiency.

1.5.5 Photocatalytic Water Splitting

For the Photocatalytic water splitting, the electrons and holes are generated via
excitation of the semiconductor by light-photos. The total procedure, as shown in Figure
1-25(B), all interactions and procedures are as follows: photons are absorbed by the
semiconductor, producing numerous pairs of electron/holes, and the semiconductor need
to have band edges according to the reduction of H* to H2 (0 eV NHE) and H20 to 02(-1.23
eV NHE). First, the hydrogen evolution reaction (HER) is the reduction of water from the
electrons of the semiconductor Conduction Band. Secondly, the oxygen evolution reaction
(OER) is water oxidation from the hole of the semiconductor's Valence Band. The
thermodynamically negative reaction requires a minimum total energy for the redox
reaction of +1.23 eV. Thus, the band gap of the semiconductor must be at least 1.23 eV and

the photon that excites the electron/hole pair of 1.23 eV and above [264].

2H,0+2ht >20H™ +2H" Equation 1-14

20H™ +2h* - 0, + 2H", Egyigation = —1.23V Equation 1-15
2H" +2e” - Hj, Egequction = 0.00V Equation 1-16
Overall 2H,0 +4h* +4e™ > 0, + 2H, Equation 1-17

The numerous photogenerated electron/hole pairs simultaneously either recombine or

migrate to the surface of the semiconductor and interact with surrounding electron-
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acceptors or hole-acceptors, the compound of interest in this example being water. Holes
oxidize water to split into O2 and H*, Equation 1-15. This is the HER, which needs two
electrons to create one molecule of Hydrogen. Forming the molecule of oxygen requires an
exchange of four holes to occur, Equation 1-14 and Equation 1-15. These factors make the
OER process kinetically slow and more difficult to achieve than HER. So, the OER is the
rate-limiting step to water splitting [265].

1.5.6 Short overview of the Ph.D. Thesis Semiconductors used as photocatalysts
In principle, eligible semiconductors for high-performance photocatalysis must

possess specific properties to function and be effective for photocatalysis.

(1) Band gap: In the example of water spiting for the simultaneous application of OER and
HER, a minimal Eg> 1.23 V is needed. On the other hand, a very large band gap is

detrimental, as it will absorb much less radiation from the sun.

(2) Stability: The semiconductor interacting with the solvent (in this case, water) or the
subsequent products of the photocatalysis shouldn’t change the original crystal structure of
the semiconductor. For example, if the perovskite BiFeOs is altered through interaction
with other chemical components to the separate oxides of BiO:2 and Fe203, then the

photocatalysis will stop entirely after some time.

(3) Band edges: The conduction band must be above the redox potential of (H* to Hz2), and

the valence band must be below the redox potential of (H20 to 02).

(4) Resistant to photo corrosion: Photo-corrosion is the event that the semiconductor itself
is oxidized by the holes that were generated through the photons, instead of the water,
semiconductors like SiC, ZnO, and CdS that have appropriate band edges for water splitting

but can't function because of photo corrosion.

(5) Visible light absorption: Most semiconductors that have suitable band edges for
photocatalytic application can only absorb ultraviolet light, which is 5% of the total direct

sun radiation (this is the case for NaTaOs). So, they can be truly effective only with other
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light-sources sources, e.g. from ultraviolet lamps or LEDs, but direct irradiation from the

sun yields low efficiency [266].

Furthermore, a semiconductor must have additional attributes to maximize the
efficiency of photocatalysis. The semiconductor nanomaterials must have high crystallinity,
which increases the speed of charge transfer and minimizes the charge traps of defect sites.
A small particle size is desirable since the electron/hole pair can travel a small distance
before the pair's half-life is forced to recombine. In that small distance, the pair must reach
the particle's surface area in order for the redox of water to occur. High particle surface
area, this factor is similar to the limitation of size. With a higher SSA, more electron/hole

pairs will be able to interact with an increasing volume of reactant compounds [265].

As an example of a proper photocatalyst, the TiO2 semiconductor will be briefly
examined since, at this time, TiO2 is the world's most successful photocatalyst. Fujishima
and Honda were the first to show that TiO2 could operate as a photo-anode with UV light-
assisted photocatalysis, they also were the first to propose the application of Photocatalytic
water splitting [267]. Titanium oxide has many advantageous properties that all
aforementioned nanoparticles should have. (1) proper band gap and band edges for water
splitting, (2) chemically stable under photocatalysis and doesn't exhibit photo-corrosion.
(3) It isn't toxic, biologically and chemically inert, everything is combined into an
environmentally clean nanomaterial. (4) Relatively abundant in the world and low cost
[268]. However, there are three significant disadvantages of TiO2. (1) Wide band gap of
approximately 3.2eV, thus very limited solar spectrum absorption. (2) Short lifetime of the
electron-hole pair due to the fast kinetics of the charges. (3) The Conduction Band has only
-0.2 eV (NHE). Thus, applications of CO2 reduction will be limited [269].

According to the photocatalytic application that is pursued herein, for enhanced
OER, HER, or CO2 reduction, several supporting metals and semiconductors were applied to

enhance the photocatalytic activity of the nanoparticles. These can be grouped into

[i] co-catalytic metals (Pt°, Au® and Ag’): Metals have excellent electrical

conductivity, while the selected metals have a different work function. Pt0 has a work
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function of @=5.6 Ev, Au® at ¢=5.1eV [254]. Ag® has a less favorable positioning work
function at ¢=4.2eV [255], as shown in Figure 1-32.

[ii] Cocatalytic metal oxides: Oxide semiconductors CuO and NiO were utilized. CuO
has a band gap in the range of 1.3-1.7 eV depending on the morphology and size, while the
Conduction Band is found approximately to be at -0.5 eV vs. NHE and the Valence band at 1
eV [270]. NiO semiconductor is observed in the literature at Eg 3.6eV [271,272]. Accordingly,
NiO band edges are positioned approximately at the Conduction Band -0.96 eV and Valence
Band +2.64 eV [271,272]. NiO is one of the few p-type semiconductors [273,274] that is used in
contrast with NaTaOs, which is a n-type semiconductor [272].

Cu©
CB H*/H,
; (V=0)
:
0, /H,0
13.6] (y21.23)
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NiO

E (NHE)
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0 AB

1
2
3

Figure 1-32: The positions of band edges for the supporting metals PtY, Au’, and Ag®. The

supporting oxide semiconductors CuO and NiO.

Overview of the band gaps and the band edges of our materials

Bi-Fe-Oxide Perovskites: Starting with the perovskite phase BiFeOs, a direct bandgap in
the range of 2.1-2.8 eV [275] has been reported. For the mullite-type Bi2Fe409, a band gap
in the range of 2.1 to 2.3eV is reported [276], also a secondary smaller band gap is
observed for the BizFe4O9 of 1.6 eV [277]. The Conduction Band-edge energy of BiFeOs is
reported at +0.51 eV vs. NHE, and the Valence Band (VB)-edge position at 2.61 eV.
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Similarly, BizFes09 has a CB-edge at +0.5 eV and a VB-edge at 2.55 eV. These are in
agreement with CB-edge +0.51 eV for BiFeOs and CB-edge +0.5 eV for BizFe409 [278,279],

as shown in Figure 1-33.

E (NHE)
H'H,(v=0)
0, Hy0
1 =(v=1.23)
*OH+H" /H,0

V=2.38) _

. =l [° 0" h* h*
3

Figure 1-33: The band edges and band gap positions for the perovskite BiFeOs and
mullite-type BizFe40o.

Ta-Oxide-Perovskites: literature shows that the Taz0s particle has Eg~ 4.15eV [280].
NaTaOs has Eg~ 4.2eV, typical for Ta-particles as originally reported by Kudo’s group
[124,281]. For LiTaOs, the band gap is found at 4.7eV [282]. NaTaOs has its valence-band
edge, Evs, situated at +3eV vs. NHE [272,283] and a conduction-band edge to Evs = -1.2 eV,
the Evs and Ecs for Taz0s are positioned at +3.43 eV and -0.72 eV respectively [284,285].
The Evs and Ecs for LiTaOs are positioned at +2.6 eV and -2.1 eV [282], respectively, as

shown in Figure 1-34.

SrTiOs has Eg~3.2eV bandgap that is similar to that of the simple oxide TiO2, but it has a
more reducing conduction-band edge energy position Ecs of -1.2eV vs. NHE, and

consequently, the valence-band edge Evs of 2eV [141,142], as shown in Figure 1-35.
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Figure 1-34: The band edges and band gap positions for the oxide Taz0s, the perovskites
NaTaOs and LiTaOs3.
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Figure 1-35: The band edges and band gap positions for the oxide TiOz and the perovskite
SrTiOs.
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2 SCOPE OF THESIS




The broad scope of the present Ph.D. Thesis was [i] to develop novel Flame-Spray-
Pyrolysis protocols that allow controlled production of pure-phase perovskite oxides and
their heterostructures. [ii] To optimize the so-produced nanocatalytic materials for

catalytic reduction, the photocatalytic H2/02 production from H20 splitting.
In this context, specific scopes of the present Ph.D. Thesis were:

[1] Study of the perovskite nanoparticle formation in the FSP-process. Our strategy was
based on the FSP technology (Single-Nozzle and Double-Nozzle) for the synthesis of 100%.
Specific aims were: (i) Synthesis of BiFeOs and Bi2Fe409 particles and their heterostructure
BiFeOs /BizFe409 with cocatalytic noble metals Au, Pt, and Ag. (ii) Use of advanced Double-
Nozzle FSP for La-doping in the material of SrTiO3 and in-tandem CuO/SrTiO3
heterostructure production in one step, resulting in an advanced heterostructure
La:SrTiO3/CuO. (iii) The synthesis of the smallest-possible NaTaOs particle size, and their
heterostructures with NiO, Pt, and Pd employing the SN-FSP and DN-FSP methods.

[2] Study and fundamental understanding of the role of nanolattice defects, nano-
interfacing, and semiconductor band-bending in the photophysical hole-electron generation
and transfer. To do this, detailed post-FSP thermal-calcination protocols were screened in

combination with XRD, Raman, XPS, and EPR data.

[3] Demonstration of the nanomaterials for highly-efficient catalytic applications. (i)
BiFeOs and Biz2Fe4O9 were evaluated for reduction of 4-Nitrophenol and physical-chemical
study of the activation energy for this process. The Bi-Fe-O materials were also employed
for the photocatalytic oxidation of H20 to O2, demonstrating that BizFe4O9 is an -so far
unanticipated- efficient OER photocatalyst. (ii) The perovskite heterostructure
La:SrTiO3/Cu0, was utilized for photocatalytic production of H2 or CH4 from H20/CH30H.
(iii) The high conduction band semiconductors Ta20s, NaTaOs, and LiTaO3 were validated
for photocatalytic H2 production from H20. The photoinduced electrons and holes in

NaTaOs were detected for the first time by EPR.

[4] Establishing protocols for novel FSP-processes that allow industrial-scale production

of perovskite nanomaterials and their heterostructures with enhanced photocatalytic
efficiency.
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3 Experimental Methods

PPPPPP



3.1 Flame Spray Pyrolysis

3.1.1 Single Nozzle FSP (SN-FSP)

The Flame Spray Pyrolysis reactor set-up and basic-principles of operation for the

production of nanoparticles will be explained hereafter.

(1)

(ii)

Preparing the Precursor: A powder or liquid that contains a high
concentration of the specific metal-element is required for the
nanoparticle oxide as a final product. Those are obtained from STREM or
Sigma Aldrich. The precursor molecule, apart from the metal ion, has to
have ligands with high concentrations of carbon and oxygen, i.e. to
produce high-enthalpy in the combustion process. Typical precursors for
high-enthalpy comprise of Metal-acetylacetonate, Metal-naphthenate. In
contrast, Metal-nitrates are poorer as combustible precursors in case the
desired particle is able to form in low-enthalpy conditions, they are
preferable due to significantly lower cost.

Solvent: In order to have a liquid mixture, a solvent is required. The eligible
solvents in FSP have to contain high carbon concentration to increase the
combustion enthalpy of the flame. In addition, this ensures complete
combustion with no carbon-leftovers. An important note for the flame-
enthalpy is that at least 50% is fueled by the liquid precursor i.e. the rest
can come from the combusted gases. Thus, proper solvent selection is
crucial, since the effective temperature of the flame can drastically change
[286] [287]. In this thesis, the solvents were most often xylene and 2-
Ethylhexanoic acid for high enthalpy synthesis, or ethanol for low enthalpy

synthesis.

In order for the precursor mixture to be inserted in the FSP apparatus, it must be

devoid of precipitates so that the flow rate of the precursor remains constant without

blocking the tubes. For the formation of perovskites that require two different elements

(two different precursor solvents etc.), the precursor needed to be homogeneous. Thus,

great effort was placed on the two solvents to be compatible (miscible) to avoid precipitate

formation.
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The FSP synthesis apparatus requires three additional pieces of equipment, as
shown in Figure 3-1. The Gas-Flowmeter, which controls the exact flow rate of 02/CHa4 for
the assist pilot flame, the flow rate for the oxygen dispersion flow rate, the syringe that
contains the liquid precursor solution with controlled the precursor flow rates, and the

pressure gauge that indicates the dispersion oxygen pressure-drop.

| Precursor:

-~ soodo .SyFriznge

— o= =8
Pressure |

— R = e 1 L
e

Figure 3-1: (A) The flow controller of the four gases, with the two metallic tanks of Oz and
CHs. (B) The specialized syringe pump applies a constant flow of precursor droplets. (C) The

valves of the 02/CH4+ gases measure the dispersion pressure of the FSP apparatus.

The flame “nozzle” itself consists of four different parts, as shown in Figure 3-2. In
the first part, a pilot flame is needed for the initial ignition and to sustain the spray
combustion of the high-enthalpy organic solution. The standard experiment consists of a
mix of oxygen (02) and Methane (CH4) gases, pre-mixed in the valves before arriving in the

FSP-nozzle. In the center of the nozzle, the liquid-droplets of the precursor are inserted,
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with the typical precursor flow rate (P) of 5mL per minute, next to the precursor entry
point, a gas with a dispersion flow rate (D) is inserted, forcing the droplets to disperse
inside the flame. The pressure-drop, measured by a gauge, dictates the speed of the spray
dispersion. The spray droplets then undergo the combustion procedure to form
nanoparticles. There is an option to insert in the outer circle of the FSP-nozzle a sheath gas

that surrounds the flame, shielding it from the surrounding atmospheric air.

(A) B
| I IVacuum pump
@ Filter
' Metallic
‘ tube

pparatus
Precursﬁ L
Sheath O,

Dispersion O
P 2 Framelet's(CH,+0,)

Figure 3-2: The FSP-reactor scheme (A) depicting the Flame-Nozzle with the insertion of
the metal Precursor, the applied gasses (02 CHas), with the collection method of the FSP
consisting of a filter and the vacuum pump. (B) The glass-fiber filter filled with the particles,
after the particle-production. (C) FSP-nozzle and the flame in operation (the precursor and

gas flows are inserted from the tubes beneath the nozzle and are ignited continuously by the

pilot flame).

The nanoparticles are lifted upwards by the gas-convection field and the overhead

pumping, to enter the enclosing tube (either a metallic or a quartz tube) that increase
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drastically the High-Temperature-Residence-Time. In our work, for many perovskite
nanoparticles, the inclusion of an enclosed tube was found to be mandatory, otherwise, the
two separate oxide nanoparticles were obtained, Figure 3-2. Afterward, the nanoparticles
reach a glass-fiber filter. When the required amount of precursor is spent in the syringe, the
filter is removed. The particle powder can be collected by scraping with a spatula or used

as—-it-is in the form of film.

(A)@z‘lmgﬂ@ Nozzle] (B) D lou[é)ZZ@ N@zzzzﬂ@

Figure 3-3: The FSP set-up applied for the synthesis of nanomaterials: (A) Schematics of
Single-Nozzle FSP (SN-FSP) reactor, (B) Schematics of Double-Nozzle FSP (DN-FSP) reactor.

3.1.2 Double Nozzle FSP (DN-FSP)

The Double Nozzle FSP(DN-FSP) set-up in our work is shown in Figure 3-3(B). For
comparison, the configuration of the two different set-ups, Single-Nozzle and Double-
Nozzle are presented side-by-side. The difference of the resulting particle from the two
configurations is demonstrated with the example of NaTaO3 and the deposition of NiO, for
the application to act as cocatalysts. As the name suggests, in Double Nozzle FSP(DN-FSP),

two FSP nozzles are employed. The first nozzle has the precursor for the standard particle
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synthesis, in this instance NaTaOs, while the second nozzle has the precursor of the
secondary element. The same configuration was employed for the deposition of CuO atoms

on the surface of SrTiOs.

The DN-Nozzle configuration ensures that both particles will be formed
independently, each one in a separate flame, and their interfacing will occur after the
flames are in contact. In contrast, in the case of SN-FSP, both particles are formed in-

tandem. This means that -in principle- the two metal-atoms can be intermixed in the same

particle, or a random mix of two types of particles can occur, see Figure 3-4.

(A)Sﬂmgﬂ@ M@zzzzﬂ@

Figure 3-4: (A) Theoretical Schematic for the deposition process of the two methods SN-
FSP/DN-FSP: upper part depicts the SN-FSP, NiO may be incorporated inside the NaTaOs3
aggregates as well as on the surface, lower part shows the DN-FSP were NiO is deposited

mainly on the surface of NaTaOs, eliminating the probability of NiO to be located inside the

Page | 99



crystal structure core of the NaTaOs nanoparticle. (B) The main adjustable geometry
parameters (ai, az, b, x) for the two nozzles in DN-FSP.

Thus, DN-FSP is a superior technology for the formation of nano-heterostructures. By
adjusting the geometrical parameters of the two flames (al, a2, b, x), see Figure 3-4(B), the
process-parameters alter resulting in different particle sizes, interfacial-sintering, location

of deposition and so on.

Figure 3-5: The different adjustable geometry parameters for the formation of stable
heterostructures, (A) for SrTiO3/Cu0, (B) for NaTa0O3/NiO.

Since different nanomaterials reach the desirable phase at different times in the
High-Temperature zone, this entails that this corresponds to different heights of the flame,
thus it is imperative to control the geometry parameter b, see Figure 3-5. A failure to
adjust the appropriate flame-cross point will result in the secondary particle being
incorporated into the crystal structure and more importantly, might inhibit the desirable
phase formation. An important demonstration derives from the different perovskites of
this thesis, as SrTiOs can be synthesized under open flame conditions i.e. without the
inclusion of quartz or metallic tubes to increase the high-temperature residence time, thus
the adjustable geometry parameters can be kept at a minimum of b=10cm, as shown in

Figure 3-5(A).
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Equivalently, the perovskite structure NaTaOs, which has a much higher energy-
demanding process to form i.e. requiring a quartz tube of 20cm, results in a much more
complex Double Nozzle geometry. For the cocatalytic particle NiO/ NaTaOs, the FSP
synthesis use of a quartz tube was necessary. For example, with no-tube in the NiO nozzle.
The NiO particles were dispersed randomly in the reactor chamber, and only a fraction of
NiO particles were deposited on NaTa0s, forming a Heterostructure. With two-enclosing
tubes, see Figure 3-5, the resulting interaction point of bnio=24cm produced superfine NiO

of 2nm was deposited on NaTaOs.

3.2 Catalytic Experiments

3.2.1 Photocatalytic Experiment Set-Up: Irradiation Reactor

For all the photocatalytic experiments, various Gas-Products (Hz, CO2, CO, CH4, O2)
were obtained depending on the targeted applications: Oz for BiFeOs, Hz for NaTaOs,
H2/CH4 for La:SrTiO3/CuO. The gas products were all measured with a Gas-
Chromatography System combined with a Thermal-Conductivity-Detector (TCD), TCD-
Shimadzu GC-2014, as seen in Figure 3-6, with a Carboxen 1000 column. The carrier gas

for all cases was an Argon,i.e. He carrier gas interferes with the measurement of Hz gas.

The Photocatalytic experiments were performed in a double-walled photochemical
reactor (Toption Instrument Co. Ltd.), with a total reaction volume of 340 ml. The
temperature was held steady for the duration of the experiments, at a temperature of 25+2
0C, by a recirculation chiller cooling system (Chiller T-300W), as shown in Figure 3-6, with
a TOPT-II type black box, for UV-shielding.

Standard curves: For accurate measurements of produced gasses, routinely pure
gasses of Hydrogen, Oxygen, and CHs with various volumes were inserted by a syringe in

the Carboxen column, creating a standard curve as shown in Figure 3-7.
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Figure 3-6: (A) The Gas chromatography system of the experiments, a TCD- Shimadzu GC-
2014, with a Carboxen 1000 column. (B) The Chiller T-300W and TOPT-II photo reactor
container. (C) The double-walled photoreactor. (D) The same Reactor under the illumination

of the 300W Mercury Lamp.

Irradiation Sources: The UV-Visible radiation was supplied mainly from three
different lamps: a 250W Mercury lamp provided by Philips, a 300W UV lamp, and a 300W
xenon lamp, with radiation-equivalence to 3 suns. The radiation source was positioned at
the geometrical center of the photoreactor, inside the quartz-immersion well. The quartz-
immersion well received the input of the coolant water, reducing the temperature, while

quartz as a material absorbs very little of the produced radiation.
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Figure 3-7: The standard curves for the gasses of:(A) Hydrogen, (B) Oxygen, and (C)
Methane.

Irradiation Power Calibration: The irradiation power of the three lamps was measured
by a power meter (Newport model, 1918-C). The Lamps were measured at two different
distances: 3cm, which is the mean distance the light travels inside a smaller photocatalytic
reactor, and 6¢cm, which is the mean distance of the 340mL reactor. As seen in Figure 3-8,
the radiation power riches the peak after at least 5 minutes of operation, with the Xenon
300W having the largest radiation at 0.78 Wcm-2, although as shown later, most of the
radiation is in the visible and infrared range. The irradiation power is decreased to about a
third by changing the measurement from 3cm to 6cm, although the original irradiation is

naturally the same.
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Figure 3-8: Radiation Spectra for the (A) Mercury Lamp in the atmosphere and with the
Quartz quartz-immersion well. Inset: Zoom at the wavelength range of 240 to 330nm. (B)

Xenon Lamp at the atmosphere and with the Quartz disturbance.

The radiation spectra in Figure 3-8 of the Mercury and Xenon lamps show the more
intense peaks for each lamp. The mercury lamp has very distinct irradiation peaks, with a
very high content of UV light. The highest energy peak was at 250nm, although the Quartz-
well of the photoreactor, absorbed most of the 250nm photons, as shown in Figure 3-8 (A).
Thus, most of the 250nm photons were absorbed, while at A>300nm the rest of the
irradiation peaks retained most of their power, with only a slight absorbance by the Quartz.
For this reason, in photocatalysis, it is of critical importance to consider the role material
between the lamp and the solution. For example, the commonly used Pyrex glass will

absorb most of the UV radiation provided by a Mercury lamp.
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The Xenon lamp, Figure 3-8 (B), shows a wide spectral profile i.e. rather than distinct
peaks, with most of the irradiation power provided in the range of 400-1000nm, with a
small portion of the irradiation power being in the UV range. For this reason, the Xenon
lamp can be compared with the irradiation of the Sun, in this instance, the radiation is

approximately about three times AM1.5 Suns.

3.2.2 Photocatalytic Experiment: Hydrogen Production

In photocatalytic Hz-production experiments, we have used: (i) Deionized water, the
main photocatalytic component, to produce hydrogen from the water splitting. (ii) A
Mercury or Xenon lamp that produces UV and visible radiation. (iii) Photocatalytic

Nanomaterials.

In all cases, two supplementary agents were added to maximize photocatalytic
production. (i) Methanol as a hole-scavenger [288]. (ii) Cocatalytic electron-accepting
particles. These serve the purpose of accumulating the photogenerated electrons from the
nanomaterial surface and transferring the electrons to the ultimate electron acceptor i.e. H*

in the case of Hz2-production or HCO3 in the case of CO2 reduction.

After numerous screening tests, the optimized protocols for hydrogen production
were as follows: [Deionized water]: [methanol] ratio = 20% per volume, with a total
volume of 250 to 275 mL, i.e. 200mL Deionized water and 50mL methanol to result in the
total volume 250mL. The catalytic nanomaterials used in the range of 50mg and 69mg. The
pH values with the particles inserted in the mixture were between 4.6 and 6.2. The
temperature was set to 25+3 °C controlled by tap-water cooling, or in the case of more

demanding applications, the T-300W Chiller was used.

The irradiation was provided from two setups. The aforementioned 300W Xenon
irradiation flux corresponded to the artificial illumination of 3 times AM1.5 Suns, or for a
higher UV radiation, the 300W Mercury lamp (0.34 W cm2), for the best-performing
material. When the cocatalyst wasn’t provided in-situ from the FSP synthesis, a photo-
deposition of Pt-cocatalyst was implemented to increase the photocatalytic production,

using hydrogen hexachloroplatinate (IV) hydrate, (H2Pt4+ClseH20, 99.9 %, Alfa Aesar).
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3.2.3 Photocatalytic Experiment: Oxygen Production

For these photocatalytic Oz2-production experiments, a Pyrex-glass reactor was used,
in order to filter the radiation to A>380nm, i.e. since the BiFeOs and BizFe409 materials are
visible light semiconductors. By conducting several screening tests, the optimal parameters
were: 50 mg of nanomaterials suspended in 150 mL Deionized water (final concentration
of catalyst 0.33 g/L), which contained 0.1M NaOH, pH value of 12.8 in accordance with the
literature [289]. Additionally, 0.02 M Na2S20s was used as an electron acceptor [289], since
in these experiments, the charge carriers that drive the photocatalysis are the

photogenerated holes.

Several cocatalysts were implemented i.e. with photo deposition of Pt0, AuY, or Ag®.
The metal-complexes used were Pt: hydrogen hexachloroplatinate (IV) hydrate,
(H2Pt4CleeH20, 99.9 %, Alfa Aesar), Au: hydrogen tetrachloro-aurate (III) trihydrate
(HAuCl4e3H20, 99.9 %, Alfa Aesar), and Ag: Silver nitrate (I) (AgNOs, 99.9 %, Sigma
Aldrich). In all experiments, after the addition of all compounds in the reactor, an
irradiation period of 15 min was necessary to achieve the in-situ reduction of the Pt, Au, or

Ag cations for the corresponding metal particles [290].

The light source was a medium-pressure mercury lamp (Model Oriel 3010, 125 W,
total light flux 7x1018 photons /sec) for all the experiments. Before each catalytic run, the
suspension was purged with Ar gas (99.9997%) for at least one hour to remove the

atmospheric gases.

3.2.4 Catalytic 4-NP Reduction in the Presence of NaBH4

For the catalytic study of the reduction kinetics of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP) with the addition of NaBH4 as a reducing agent. The components for
the experiment were inserted in a quartz-Uv-Vis cuvette containing 2775 pL double-
distilled water, 0.123mM 4-NP solution (Alfa Aesar 99%), the reducing agent
NaBH4(Merck) at 108 mM, and the BiFeO3/BizFe409 nanomaterials.

To disperse the BiFeO3/Bi2Fe409 nanomaterials by adding 2.5 mg in 5ml distilled

water, a high-intensity cup-horn sonicator (Sonic-VCX-500), was used at a power of 100 W
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for 25 seconds in cycles of 1-sec power on-1sec power off (overall 0.5 kJ for the 5mL). From
the homogenous nanomaterial solution, a 75 pL was inserted in the cuvette (14 mg L1).
The catalytic mixture in the 3 ml quartz cuvette was under magnetic stirring in the dark.

The final pH of the mixture was measured to be 9.5.

The spectral changes related to the evolution of 4-NP were monitored by recording
the spectrum in the UV-visible range using a Hitachi spectrophotometer equipped with a
Unisoku cryostat for low-temperature experiments [291]. Rapid scans are recorded in the
250-550 nm wavelength range that is completed every 50 seconds. The characteristic peak

of 4-NP at 400nm was used to calibrate the 4-NP concentration [292].

A Unisoku cryostat was inserted inside the UV-Vis spectrophotometer beam
chamber to allow the digital control of sample temperature in the range of +100 °C to -100
°C with an error of #0.1°C. Sample cooling was achieved by a controlled-flow of cold N2 gas
derived from liquid-N2z heating. Herein, for the Arrhenius analysis, the catalytic 4-NP to 4-
AP conversion kinetics were recorded at different temperatures of 5, 15, 25, and 35 °C,
respectively, and the obtained kinetic data were used to calculate the activation energy Ea

values.

4-NP Adsorption Isotherms: Additionally, we measured the adsorption isotherms for
the 4-NP and the nanomaterial. Adsorption Isotherms were recorded for BFO1 to BFO4 at
pH 7.5 in the presence of 4-NP at different concentrations 0.01mM-0.2mM, interacting with
4 mg of the materials suspended in 10 mL double distilled water solution in polypropylene
tubes. After 4-NP addition, the suspension was allowed to equilibrate for 6 hours at room
temperature (RT) while agitated by a magnetic stirrer. After completion of equilibration,
the suspension was centrifuged at 9000 rpm in a Centurion centrifuge for 20 min, and the
supernatant solution was analyzed by the Uv-Vis spectrum of 4-NP using the peak at
400nm. The amount of 4-NP adsorbed at different concentrations (umol 4-NP g1), was
calculated from the mass balance between the initial concentration and the concentration
determined after the adsorption of 4-NP onto the solid adsorbents [293,294]. The

centrifuged particles, where the 4-NP was adsorbed, were collected and analyzed by FT-IR.
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3.3 Electron Paramagnetic Resonance (EPR) Spectroscopy

3.3.1 Fundamentals of EPR Spectroscopy

Electron Paramagnetic Resonance or EPR spectroscopy is a state-of-the-art
spectroscopy for detecting paramagnetic centers or free radicals [295]. EPR is based on the
Zeeman effect, as shown in Figure 3-9, with the two essential factors being an external
magnetic field (B) and the electron spin (S). The energy states generated for the two ms
states with values of +1/2 and -1/2 are given by Equation 3-1. The resulting AE is in the
range of microwaves [296], the resonance phenomenon is generated using 9-10GHz

irradiation (X-Band).

1
E=msg,ug B ,mg== > Equation 3-1
1Energy
mg==-1/2
me=1/2  mg=-1/2
AE=E{—-E 1
2 2
\ m5—1/2 =g.us B
, B

Figure 3-9: The Zeeman effect on the energy levels of a spin ¥ system with AE the

difference of energy levels due to the external magnetic field B.

The last two variables are the ge, a constant for the free electron of value 2.0023, and
Bohr magneton (us) [297]. Figure 3-10 shows a graphic representation of the splitting of
the two energy levels by applying an external magnetic field. By changing the magnetic
field, the lower energy level (ms = -1/2), as well as the higher energy level (ms = +1/2)
changes. As the frequency remains constant, only when the energy difference is the same as
the energy of the photons (Ephotons = hv) will there be “resonance” i.e. the absorption of the
photons by the sample. The instrument records the absorption and exhibits it as a 1st

Derivative to increase the resolution of the spectral response Figure 3-10.
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Figure 3-10: The Zeeman effect for a spin 1/2, with the absorption as detected from an

EPR of constant frequency, after the hv is the same as the AE the absorption is measured, with

the instrument showing the 15t Derivative for increased precision.

Only paramagnetic materials (such as paramagnetic metal centers or free radicals)
that have unpaired electrons are able to be studied by EPR spectroscopy. The Zeeman
further splits the energy levels for a system with S >1/2, creating 2S+1 states. These states
can absorb frequencies at different values of the external magnetic field B, with the

limitation that the difference of the energy levels should be AMs = +1, Equation 3-2 [298].

AE = E+1 —E 1 =g, uzB=hv Equation 3-2

2 2
In this work, EPR has been utilized to detect the photocatalytically generated

paramagnetic centers by the nanoparticles under illumination. These paramagnetic centers

were

[i] holes or electrons detected in-situ in the solid matrix of the particle [299].
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[ii] photogenerated ®OH Radicals, originating from the oxidation of H20 from the holes

[59].

3.3.2 Spin Trapping of OH Radicals
The OH-radicals are well known to have short half-lives of the order of 10-° sec at
room temperature [300]. Thus, a spin-trap method has been applied [301] in order to form

stable radical adducts detectable by EPR.

DMPO DMPO-OH DMPOX
oOH o ®OH
ol
N! " (Slow) T " (Fast) T °
0 0 o
Figure 3-11: Schematic of Radical ®OH transition for slow production and fast

production of radicals with DMPO as Spin Trap.

Among the many spin trap molecules, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), is
commonly used, while a-phenyl-butyl-nitrone (PBN) [302], 5-methoxycarbonyl-5-methyl-
1-pyrroline N-oxide (EMPO) are available [303]. Herein, we have used DMPO, see Figure
3-11, for the OH-trapping chemistry. The reaction of photocatalytic reaction via EPR has
been studied extensively, including the most used photocatalyst TiO2, with a variety of spin
traps and solvents that include hole scavengers, obtaining the fundamental Hyperfine
Coupling constants for the different resulting radicals [304]. The ®OH-DMPO has a

characteristic four peaks with intensity ratios of [1:2:2:1] [305], as shown in Figure 3-12.

A characteristic 7-line pattern with intensity ratio [1:2:1:2:1:2:1] is the characteristic of
two ®0OH trapped/per/DMPO [306]. The so-formed molecule has the codename DMPOX
[307]. The reaction pathway is shown in Figure 3-12 [308]. The formation of DMPOX
reveals that a high local concentration of ®OH occurs during the photoexcitation, with each

molecule creation requiring double the amount of radicals than the DMPO-OH [309].
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In complex systems ®OH-DMPO and DMPOX can coexist. Thus, computer simulation is
required to analyze the EPR spectra. Herein we have used the EasySpin simulation package

with Matlab [310], to simulate all the experimental EPR spectra.

[1:2:2:1]
i 2]  [2]
DMPO-OH )
DMPO .0*2\1 >Q<H
o*“\\ |
A~ © & [1:2:1:2:1:2:1]
' “, 21 @) [
TN T 0 ) w
BN
L

Figure 3-12: Characteristics peaks of [1:2:1:2:1:2:1] DMPOX and [1:2:2:1] OH-DMPO.

3.3.3 EPR Photo-induced Electron/Hole Pairs

Alkali tantalates, particularly NaTaOs, are promising photocatalytic perovskites under
UV excitation, with a major research focus on their photocatalytic abilities. Despite this fact,
there is a lack of knowledge of key aspects of the photo-induced electron/hole pairs [93-
96]. As the photo-induced Electron/Hole pairs have a very-short half-life, their detection
can be achieved only by in situ EPR, under the illumination of the photocatalysts, at low-

Temperature (77K).

EPR has already granted valuable knowledge for direct in situ detection of e-/h* pairs in
TiO2 as the most widely used semiconductor for photocatalysis, providing an
understanding of the relationship of the electrons and holes in the structure of the
particles, works revolving around nano-TiO2 with emphasis on P25-TiO2 [311-313], and

colloidal TiO2[314,315]. Furthermore, detailed EPR study of e-/h* pairs in Anatase/Rutile
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TiOz [316], the drastic change in the EPR signal compared to the structure is exhibited in
Figure 3-13, derived from [317]. Additional important works include Nakaoka et al., which
has shown that hole-related EPR signals originate from {Ti#*-O'-Ti**-O(H)} units in TiO2
[299]. Giamello’s group work of photoactive species in N-doped TiO2 [318] further refined

our comprehension of carrier dynamics in TiO2 semiconductors.

hole trapping sites electron trapping sites
. T— g.= 1.990 —_—>
g.= 1.975
g=1. 957
anatase ) g/=1.940
rutile V’ /v/\j\/_;\/if,—'
Ox 9y 9 N
-0~ 2p°=> g>2 Ti(lll) »3d" => g<2
| U | : | I ! | U
2.10 2.05 2.00 1.95 1.90
g-value

Figure 3-13: The EPR spectra of anatase and rutile nanoparticles obtained under
illumination. The generated e-/h* pair is observed as holes are trapped at the surface of
nanoparticles as oxygen-centered radicals*, while electrons are trapped at lattice sites as

Ti3, derived from [317].

Thus far, only a few EPR studies exist on photoactive NaTaOs. However, none on

photoinduced e-/h* pairs.

These works include, Wang et al. that reported a single derivative EPR signal at g~2
detected in self-dopped NaTaOs, attributed to reduced Ta** centers [319], although there
isn’t any mention compared to structure, kinetics, and relation to hydrogen production.
Meyer et al. detected photo-induced EPR signals of surface-anchored oxygen species in
reasonably small NaTaOs (25nm), but no direct detection of trapped photo-induced

electrons was verified [320].
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3.3.4 EPR Spectrometer

The measurements were conducted in an X-band Bruker ER200D spectrometer
equipped with an Agilent 5310A frequency counter. Klystron-source was used as
microwave radiation source in the 9-10 GHz range. A rectangular (102) metallic waveguide
was used to carry the signal to the cavity that houses the sample, as shown in Figure 3-14.
For all measurements, the EPR tubes of quartz-Willmad glass, were inserted in a quartz-

Dewar filled with liqud-N2.

An adequate signal-to-noise ratio was obtained after 10 to 50 scans with a standard
modulation frequency = +50.00 kHz, microwave phase = +30.00 deg, and modulation
amplitude = 10 Gauss peak-to-peak. Finally, the magnet spectrometer and the frequency
were running under custom-made software based on LabView [321] that was developed in

our group. The program also obtains and stores the data of the experiment.

Figure 3-14: The EPR spectrometer cavity and 77K-dewar rectangular window at the

cavity center (marked by the arrows) were used to irradiate the in-situ photocatalysts.
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In situ Irradiation Set-up in EPR: Irradiation of the nanoparticle mixture was performed
in situ in the EPR cavity through the appropriate window, Figure 3-14, using an Arc Xenon
Lamp (model: Oriel 6293, 1000 W) operating at a power of 450W to 700W, as shown in
Figure 3-15. The spectral profile of this light-source is shown in Figure 3-15(B). It covers
a wide range of visible and a small percentage of UV, thus this Arc-Xenon lamp can be
considered a “sun-light simulator”. To eliminate IR photons that cause heating effects -, a

water filter was inserted before the focusing lens.

(A)

(B) UvLight Visible Light
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Figure 3-15: (A) The arc xenon Lamp 1000W under operation, (B) The spectral-profile of
radiation of the Xenon Lamp, with the UV and Visible range.
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3.3.5 Quantitative Monitoring of ®OH Radicals and photoexcited e-/h* by EPR
Quantitative analysis of OH-Radicals: Each reaction mixture was prepared using 1
mL of ultrapure Milli-Q water (Millipore). Nanomaterial masses used were in the range
from 0.4 to 1 mg, dispersed utilizing a 20 W bath sonication. The spin trap DMPO (5,5-
dimethylpyrroline-(2)-oxyl, Aldrich) was added at different concentrations depending on
the experiment. From this stock suspension, 20 or 30 uL were inserted in two glass-
capillaries (Vitrex) and illuminated in-situ in the EPR cavity comprising of a quartz tube
(25cm x 5mm) diameter. The whole procedure is shown comprehensively in Figure 3-16.
Irradiation was carried out at room temperature in-situ at the EPR cavity for periods from

30 seconds to 10 min.

Sample Procedure

Sonicated
Nanoparticles(watery DMPO(water)

With or Without
H202
10 uL
n With or Without
1 (im - Xenon Lamp Light

Figure 3-16: Sample preparation procedure for OH monitoring at room temperature

under Xenon Irradiation.
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Quantitative analysis for the ®OH is accomplished with the spin standard DPPH (1,1-
Diphenyl-2-Picrylhydrazyl, Alfa Aesar) [322]. The spin standard was measured each time
with the same EPR conditions as those used to measure the unknown sample. A calibration

curve was generated using the double integral of the EPR signals [323].

Photoinduced Electron/hole pair from NaTaOs: The nanoparticles NaTaOs
powder of 15mg is placed in a 5mm EPR tube and then frozen at 77K in the quartz-Dewar
filled with liquid Nitrogen. EPR spectra were recorded as follows

[1] Dark-Spectra

[2] Spectra under Illumination

[3] To observe the photo-excited carrier stability and decay-kinetics, after step-2, then
the tube is thawed for periods 1 to 5 seconds at RT and frozen instantly. Once the

measurement is done, this process is repeated in various time intervals.

3.4 Characterization of Nanomaterials

3.4.1 Powder X-ray Diffraction

X-Ray Diffractograms were obtained using a D8 Advance Bruker diffractometer, as
shown in Figure 3-17, with a Cu source (Ko, A=1,5418 Aff), with operation parameters 40

KV generator voltage and 40 mA current.

Using Braggs law [324], Equation 3-1, the spacing of each Miller-planes family was

identified (A stands for the wavelength of the incident X-ray beam, while n is an integer).

ni=2dSine Equation 3-3

The crystal phases were analyzed via Rietveld analysis employing the Profex

software [325], using the corresponding CIF files of the different crystal phases.

By using the diffraction pattern, from the intensities of the photons collected from the XRD,
the mean size of the nanocrystals in the powder can be measured with the Scherrer method
[326], Equation 3-4, from the peak broadening (FWHM). This method is valid for

nanocrystals that in the range of 1 to 200nm.
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g K2
XRD ™ (FWHM) X cos®

dxrp is the mean size of the ordered domains inside the crystalline powder, K is a

Equation 3-4

dimensionless shape factor that depends on the structure shape that is usually close to
unity(in our case, it is 0.91), A is the X-ray wavelength of the instrument with our
instrument is set at 1,54184, and FWHM is the full-width at half-maximum of the XRD
peaks, measured in radians.

Ejected Photoelectron

O) X-ray Kinetic energy E;,
Energy hv

Vocuum

Figure 3-17: (A) Schematic diagram of the XRD process. (B) Our D8 Advance Bruker
diffractometer. (C) Outline of the XPS method. (D) The HSA-Phoibos 100 instrument was used

for the particle XPS measurements.
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3.4.2 X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a SPECS spectrometer equipped with a twin Al-Mg
anode X-ray source and a multi-channel hemispherical sector electron analyzer (HSA-
Phoibos 100), as shown in Figure 3-17. The base pressure was 2-5 x 10-9 mbar. A
monochromatized Mg Ka line at 1253.6 eV and analyzer pass energy of 20 eV were used in
all XPS measurements. The binding energies were calculated concerning the energy of Cls
carbon peak at 284.5 eV. The peak deconvolution was carried out using a Shirley
background and peak deconvolution employing mixed Gaussian-Lorentzian functions in
the least-squares curve-fitting program (WinSpec) developed at the Laboratoire

Interdisciplinaire de Spectroscopie Electronique, University of Namur, Belgium.

3.4.3 Diffuse-Reflectance UV-Vis Spectroscopy

Figure 3-18: The micro-DRS module (Perkin-Elmer Lambda) for powder analysis.

Diffuse-Reflectance UV-Vis absorption spectra were recorded with a Perkin Elmer

Lambda-35 spectrometer equipped with a micro-DRS module, as shown in Figure 3-18. A
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white disk of BaSOa4 is used as the background standard, and the data were collected at

room temperature for the wavelength range of 200-800 nm.

The Band-Gap energy (Eg) was calculated using the Kubelka-Munk method [327]. This
is accomplished by plotting the first component of Equation 3-5 in the Y axis and the

energy of the photon in the X axis.

ach
A

The complete parameters of Equation 3-5 are as follows: a is signal intensity, K is a

ch .
Equation 3-5
= K (T - EBandgap )p 1

constant, ¢ * h/A=1240/A is the photon energy in eV units (when A is in nanometers), c is
the speed of light, h the Planck constant, and A the wavelength of light. Epandgap is the band
gap energy of the semiconductor particle. The parameter p in Equation 3-5 is the bandgap
transition exponent and can have four different values [243], see section 1.5.2. In the
example of the perovskites BiFeO3 and BizFe40o9, the research community some present it
as indirect allowed, while the majority has concluded that the transition is direct allowed

[244].

Estimation of the Band-Gap (Eg) from the Tauc-Plot: The bandgap energy can be
found from the tangent of the so called Tauc plot, see Figure 3-19. In an ideal crystal
structure with sharp energy states i.e. no broadening, when the photon energy exceeds
the Eg of the semiconductor, then the photon is absorbed. This results in the formation of
an electron/hole pair. In typical UV-Vis DRS spectra, this will mean a zero absorption for all
A values right below the bandgap energy (E(A)<Eg), and -ideally- maximum absorption at
(E(A)>Eg). In this ideal case- the absorption spectrum will have a step-function shape. In the
Kubelka-Munk, the interception of the vertical-step line with the X-axis (the photon energy
in Ev) would give the exact band gap, as shown in Figure 3-19(A).
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Figure 3-19: Difference in band gaps by impurities of the materials, A sift from the ideal
straight line, including the contribution of different band gaps.

In real systems, broadenings of the energy levels occur i.e.,, due to impurities,
surface defects, and variance in size, all these factors result in a slight change in the band
gap of each infinitesimal region. Combining all these slight energy-level changes from each
region i.e. assuming to forts approximation of a Gaussian distribution, creates a “smother”
structure of the energy-edges from, as shown in Figure 3-19(B). In this -realistic- case, an
approximation of an average value band gap i.e. within the Gaussian distribution can be

estimated, by using the vertical tangent from the middle of the absorption in the Tauc-plot.

In liquid UV-Vis measurement, two radiation beam is set to pass through the reference
sample (800nm to 200nm wavelength), as shown in Figure 3-20. The color of the liquid
material is a simple indicator of the absorbed wavelengths. Based on the Beer-Lambert law
[328], as shown in Equation 3-6, where ¢ is the absorptivity of the liquid material, l is the

optical path length, and c is the concentration of the liquid material.
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lOg <ITO> = <lc Equation 3-6

Shows that the concentration of the absorbing material in the solution is proportional
to the number of photons that will be absorbed as the light passes a certain distance inside

of it.

Herein, we reiterate the -well-known- principle of liquid UV-Vis spectrophotometry
along with the DRS-UV-Vis to alleviate some misunderstandings i.e. the band-gap of
semiconductor materials vs. the color of simple molecules. The bandgap represents a
limiting value of a multitude of absorbances, while the single-molecule absorbable
corresponds to an exact absorbance between the molecular-orbital levels of the

absorbent molecule.

(A) Water
nﬂ:u
Io |
Sample
-G:D
13) A

D, lamp Tungsten lamp Reference

\m-n% D Photo diode

i Photo diode
Beam Sampl
v : e
Monochromator spliver

Figure 3-20: UV-Vis spectroscopy in liquid samples, (A) quartz-glass cuvettes with water-
solvent, and the sample under study provide the absorbance signal. (B) schematic of a double
beam UV-Visible spectrophotometer, with one beam passing through the reference and the

other beam the sample under examination.
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3.4.4 Fourier-Transform Infrared(FT-Ir) and Raman Spectroscopy
FT-IR spectra were recorded using an IR Nicolet IS5 spectrometer with the OMNIC
software package, as shown in Figure 3-21(A). The materials were dispersed in KBr

pellets, measured usually in the wavenumber range 400-4000 cm-1.

Raman spectra were recorded with a HORIBA-Xplora Plus instrument coupled to an
Olympus BX41 microscope equipped with a 785nm diode laser as an excitation source
focused with the microscope, as shown in Figure 3-21(B). The powder samples were
placed on a glass plate in softly pressed pellets. Screening experiments showed that a low
laser intensity of 15mW was optimal, i.e., to avoid in situ crystal phase changes by the high
laser intensity. The spectra were recorded for 30 to 180 seconds for total accumulations of

5 to 30 in order to obtain a sufficient signal-to-noise ratio.

(A) B)

(©)

Figure 3-21: (A) IR Nicolet IS5 spectrometer used for FT-Ir measurements, (B) HORIBA-
Xplora Plus with an Olympus BX41 microscope used for Raman measurements, (C)

Quantachrome NOVAtouch LX? used for BET measurements.
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3.4.5 N:zadsorption-desorption Brunauer-Emmett-Teller (BET)

The N2 adsorption-desorption isotherms were measured at 77 K on a Quantachrome
NOVAtouch LX?, as shown in Figure 3-21(C). The samples were outgassed at 150 °C for 16
hours under vacuum before the measurements. Specific surface area (SBET) was
determined using adsorption data points in the relative pressure P/Po, range of 0.1-0.3. The
BJH method was used for the pore radius using the absorption data points from 0.35-0.99
P/Po, and the total pore volume was obtained at the 0.99 P/P, point.

The SSA-equivalent diameter of the particles dser was calculated with Equation 3-7.
Derived from the obtained SSA of each particle [329]. The second factor is p the density of

the particles, according to the corresponding crystal structure.

6000

SSA X PNaTa03/Ta,05

Equation 3-7

dggr =

For example, in this thesis for the resulting materials, the following values were
used: pgire03= 8.4 g/cm?>, paizresoo= 6.48 g/cm?, psitios= 4.81 g/cm?, pnataoz= 7.129 g/cm?,
and praz205= 8.2 g/cm>.
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4 Results
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4.1 Combustion Enthalpy, ®, HTRT

According to the phase diagrams in Figure 1-11, the reaction temperature i.e.
available heat-energy, plays a key-role i.e. it is the determinant parameter for the
perovskite phase formation. Notice that the phase-diagrams in Figure 1-11 assume
thermal equilibrium ie. all reactants have enough time to acquire the average

temperature of the reaction. In our case,

[1] In FSP, thermal energy is provided by the combustion process. Thus, the combustible
substances (CH4, solvent, precursors, in addition to 02) are the sources of heat-energy that

determine the phase-formation.

[2] The FSP process is fast i.e. milliseconds. Thus -in FSP- the process is largely out of

equilibrium.

[3] In the FSP process, the temperature profile is highly heterogeneous. At the center of
the flame, T may approach 2000-3000K however, it drops rapidly outwards, see for
example, theoretical CFD calculations in Figure 4-1 [284]. On an average FSP process, a
large part of the flame and the reactor can be near 500-600°0C. Thus, we introduce the
concept of High-Temperature-Residence-Time (HTRT), which signifies the time each

particle spends at regions where T is above the average flame temperature.

In this context, the most important parameters for our FSP parameters are the total
contribution of the Combustion Enthalpy Density, the @ ratio, and the high-temperature
residence time (HTRT).

4.1.1 Optimization of Combustion Enthalpy

As shown in Table 4-1, at least 50% of the total enthalpy was derived from the
Solvent. For the synthesis of the ABO3 perovskites, we found that high-combustion
enthalpy was required i.e. to promote interpenetration of A-lattice into B-lattice. For this
reason, high enthalpy solvents are employed: Xylene and 2-Ethylhexanoic acid for

BiFeOs/BizFe409, reaching over -4500 k] mol-1 of combustion enthalpy. In the event that

Page | 125



the FSP perovskite formation required a smaller amount of Combustion Enthalpy Density,
the solvent was replaced in order for the resulting nanoparticles to have the minimum
formation allowed size, i.e. for the Ta20s /NaTaOs particles, the solvent used was Ethanol

with only -1368 k] mol-1and for the SrTiOs the solvent of choice was Acetic Acid.

Table 4-1: The Combustion Enthalpy of combustibles (solvents and CH4) used herein for
the FSP synthesis of perovskites [330].

Combustion Enthalpy

COMBUSTIBLE (kJ mol-1)

Methane (CH4) -891.20
Solvents
Ethanol (C;H¢0) -1368.00
2-Ethylhexanoic acid
-4797.

(CsH1602) 797.9

Xylene (CgH;o) -4553.00
Acetic Acid (C:H40?) -876.1

Table 4-2 to Table 4-7 lists the key parameters under the optimal FSP protocols
used for our materials. Notice also that the optimal P/D ratios could vary greatly depending

on the targeted material.

For Bi-Fe-0O, the appropriate Combustion Enthalpy Density in comparison to the P/D
ratio of 7/3, 5/5, and 3/7 is shown in Table 4-2, the total concentration of 0.2M of iron
acetylacetonate and Bismuth acetate, as metal-precursors, e provides only a fraction of the
total enthalpy. Thus, the precursor ratio of 0.1M Bi and 0.1M Fe for the formation of BiFeOs3
and the precursor ratio of 0.067M Bi and 0.133M Fe for the BizFe4Oo9 only slightly changed
the Combustion Enthalpy Density. The overall Combustion Enthalpy Density for the larger
P/D= 7/3 flames has approximately 17.9 k] gr-1, while the P/D= 3/7 provides much less
total energy 13.6 k] gr-1.
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Table 4-2: The Combustion Enthalpy Density for the FSP synthesis of BiFeO3 and BizFe40o.

Combustion Combustion Combustion
Material Enthalpy Density | Enthalpy Density | Enthalpy Density
P/D=7/3 P/D=5/5 P/D=3/7
BiFeOs -17.85 -13.56 -9.60
BizFes09 -17.88 -13.58 -9.62

The synthesis for SrTiOs, with use of titanium isopropoxide (TTIP) and Sr acetate as
solvents, produced the combustion Enthalpy Density at different P/D ratios, as shown in
Table 4-3. The precursor total concentrations of 0.4M, with 0.2M derived from TTIP and
0.2M from Sr acetate, in combination with xylene and Acetic Acid produced for the selected
materials at P/D 5/5 only -11.49 K] gr-1, since the objective was the production of smaller

particles, as the phase was pure regardless of the three P/D parameters.

For comparison, we refer that when reference/ordinary TiO2 particles were
produced in our FSP set up, the Combustion Enthalpy Density was much higher due to the
application of pure xylene as the solvent. Thus, Acetic acid further decreases the overall

temperature for smaller sized materials.

Table 4-3: The Combustion Enthalpy Density for the FSP synthesis of SrTiOs and TiOz.

Combustion Combustion Combustion

Material Enthalpy Density | Enthalpy Density | Enthalpy Density
P/D=7/3 P/D=5/5 P/D=3/7
SrTiO; -14.99 -11.49 -8.2
TiO: -19.3 -14.43 -9.9

The synthesis of Ta20s and NaTaOs3 was explored with the different precursors since
Pratsinis et al. [132] achieved the synthesis of Ta20s with the precursor of Ta n-Butoxide.
Ta n-Butoxide is much more expensive than our chosen precursor of TaCls i.e. as will be
demonstrated in a later chapter. Furthermore, the Combustion Enthalpy Density is highly

increased which will produce much larger particles. Table 4-4 shows that calculated
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Combustion Enthalpy Density (CED), for NaTaOs different P/D reveal that for 0.6M total
metal concentration. For example, we see that for P/D=7/3 with Ta n-Butoxide we had
CED=18.14 kJ gr'l, and for TaCls CED=-16.03 k] gr-l. The inclusion of Sodium 2-
ethylhexanoate for the production of NaTaOs increases only marginally the Combustion
Enthalpy, as the P/D=5/5 has -11.38 for NaTaOs and -11.04 for Ta20s, at lower enthalpy in
the event of P/D=3/7, the enthalpy fails to produce the desired NaTaOs phase, as will later

be shown.

Table 4-4: The Combustion Enthalpy Density for the FSP synthesis of NaTaOsz and Taz0s

with the different Ta-precursors, i.e. TaCls and Ta n-Butoxide.

Combustion Combustion Combustion
Material Enthalpy Density | Enthalpy Density | Enthalpy Density
P/D=7/3 P/D=5/5 P/D=3/7
NaTaOs
-16.03 -11.38 -7.34
(TaCls)
NaTaOs3
-18.14 -12.78 -8.13
(Ta n-Butoxide)
Ta205
-15.62 -11.04 -7.11
(TaCls)
Ta20s5
-17.78 -12.46 -791

(Ta n-Butoxide)

4.1.2 Optimization of combustion Stoichiometry Ratio(®)

It is important to note that while the overall temperature produced is higher, the
ultimate result is the formation of the oxide perovskite particles. Thus, the overall ® ratio
should be ®<1, to prevent the formation of defects in the structure. In the case of BiFeOs3
and BizFe40o9, the P/D comparison to the ® Ratio is shown in Table 4-5. The P/D = 7/3 has
a value of approximately ®=1.55 corresponding to a fuel-rich flame, inhibiting the
formation of the oxide perovskite due to the lack of available oxygen at the HTRT zone. In
comparison, the preferred FSP synthesis employed in our work with P/D=3/7 has ®=0.54,

appropriate for oxide formations.
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The @ ratio for the SrTiO3 /TiO2 materials is shown in Table 4-6. Xylene produces a
highly fuel-rich synthesis condition, with SrTiOs synthesis at P/D =5/5 produces a ®= 1.04,
which is quasi-stoichiometric, i.e. just enough for the appropriate production of oxide
perovskites. While under the conditions for the TiO2 synthesis at P/D =5/5 produces a ®=
1.12, that will result in non-combustible carbon without implementation of secondary

oxygen sources i.e. open flame, oxygen sheath gas.

For the @ ratio of Ta20s/NaTaOs with the precursor TaCls shown in Table 4-7, at
every P/D ratio, the overall process is Oxygen-rich, resulting in highly crystalline NaTaOs3
particles unrelatedly of P/D ratio for high precursor concentrations, regardless of the

prevention of atmospheric air from an enclosing tube.

Table 4-5: @ Ratio for different Precursor and Dispersion Flow rates for the FSP synthesis
of BiFeOs and BizFe40o.

Material @ Ratio @ Ratio @ Ratio

P/D=7/3 P/D=5/5 | P/D=3/7

BiFeO3 1.55 0.92 0.52

BizFe409 1.64 0.97 0.54

Table 4-6: @ Ratio for different Precursor and Dispersion Flow rates for the FSP synthesis
of SrTiOz and TiO2.

Material @ Ratio @ Ratio @ Ratio
P/D=7/3 P/D=5/5 P/D=3/7
SrTiOs 1.77 1.04 0.58
Tio, 2.02 1.12 0.67
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Table 4-7: @ Ratio for different Precursor and Dispersion Flow rates for the FSP synthesis
of NaTaOszand Ta:z0s.

@ Ratio @ Ratio @ Ratio
Material

P/D=7/3 P/D=5/5 | P/D=3/7

(0.6M) NaTaO; 0.95 0.51 0.26
(0.1M) NaTaOs 0.91 0.48 0.25

(0.3M) Ta0s 0.50 0.27 0.14
(0.05M) Ta;0s 0.49 0.26 0.13

4.1.3 Optimization of High-Temperature Residence Time(HTRT)

The HTRT: In order for the perovskite phases to form, an appropriate time to alter
from atoms/simple oxides to the perovskite phase is required. For this reason, the HTRT in
many experiments was enhanced with the application of enclosing-tubes that enclose the
flames and stabilize the internal temperature. From Computational-Fluid-Dynamics (CFD-
ANSYS) analysis conducted for our FSP set-up, with a metal tube of 40cm, the temperature
gradient is shown in Figure 4-1, without the precursor flowing (Left) and a precursor flow

rate of 5 ml min-! (Right).

As observed, the temperature gradient is kept quasi-constant in presence of the
enclosing tube, while in the event of an open flame FSP set-up, the temperature would
decrease sharply. Thus, the enclosing tube is mandatory for ensuring HTRT control. This
configuration allows the formation of the more challenging perovskite structures i.e. such
as NaTaOs, permitting enough time in high-temperature conditions to crystalize, while in

the open flame-FSP, the result was always the oxide Taz0s.

Page | 130



3.11e+03
2.83e+03
2.55e+03
227e+03
1.99e+03

1.71e+03
1.42e+03
1.14e+03

8.61e+02
5.79e+02
2.98e+02

(k]

Figure 4-1: Theoretical Computational-Fluid-Dynamics (CFD) calculated with ASNYS
for the temperature profile of our FSP Set-up, (left) without solvent, (Right) Precursor flow
rate of 5 ml min-1[331].

4.2 Synthesis process for CuBiz04 - CuFe;04 — LiTaO3

In addition to the key-aimed BiFeOs, SrTiOs, and NaTaOs nanocatalysts, we have
explored the FSP process for the synthesis of CuBi204, CuFe20s4, and LiTa0Os3. To our
knowledge, so-far, none of these materials has been successfully synthesized with the SP
technology, indicating that the synthesis by itself is highly complex and noteworthy for
academic purposes. For this reason, the FSP methodology is briefly introduced for the three

materials.

4.2.1 FSP Synthesis of CuBiz04

The first FSP synthesis was for the development of the visible semiconductor CuBi204
spinel-type structure. The most important parameter for a successful FSP synthesis is the
uniform precursor solution containing the two powders of the selected elements, in this

case, the elements Copper and Bismuth. The Bismuth acetate was used for all the
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experiments, since all bismuth powders have a low solubility limit, the solvent was 2-ethyl
hexanoic acid which sufficiently disperses the Bismuth acetate. With 2-ethyl hexanoic acid
as the solvent, the Copper powders selected were Copper Naphthenate and Copper

acetylacetonate. In each case, the final solution was well dispersed and homogenous.

The most prevalent XRD peaks of the tetragonal CuBi204 phase showed at 26 = 20.84,
27.00, 29.68, 30.76, 37.42, 46.68, attributed to the Miller planes the (200), (211), (220),
(002), (202), (411). The results for the different copper precursors under typical FSP
conditions i.e. P/D = 5/5, pilot flame 2/1 (02/CH4), shown in Figure 4-2, the appropriate
CuBi204 XRD peaks shown in the bottom of the XRD Graph. The results don’t possess the
characteristic XRD peaks of the CuBi20s4, with the resulting peaks being assigned to
Bismuth and copper oxides. As an easy visual indicator, the peaks at 29.68 and 30.76
clearly define the CuBi204 phase in comparison to the Bismuth and Copper oxides. The
material conducted with Copper Naphthenate clearly exhibited higher crystallinity. For this

reason, the subsequent experiments will be done with Copper Naphthenate.

—— Cu-Naphthenate / Bi-Acetate
—— Cu-Acetylacetonate / Bi-Acetate

Intensity (a.u)

IO TR 1 N 1 VY B
25 30 35 40 45 50 55 60
20 (degree)

Figure 4-2: XRD graph for CuBi204 FSP synthesis: experiments based on the powder
precursors Copper Naphthenate, Copper Acetylacetonate, and Bismuth Acetate. Graph

bottom: The characteristic peaks of tetragonal CuBi204
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Figure 4-3: XRD graph for CuBiz04 FSP synthesis: experiments based on the Bismuth to
Iron ratio of the precursors, with a total Bismuth ratio of 25%, 50%, and 66%.

The results in Figure 4-2 were conducted under a precursor ratio of Bismuth and Iron
at 50% and 50%. In Figure 4-3, the FSP synthesis was conducted under different Bismuth
precursor ratios of 25%, 50%, and 66%, since the appropriate ratio for the CuBi204 should
be 66%. Additionally, the pilot flame was changed to 4/2 (02/CH4), the increased methane
flow rate, increases the overall enthalpy and temperature of the flame. Due to the higher
enthalpy, the material has higher crystallinity, although the phase remains that of Bismuth

and Copper oxides.

Finally, the FSP parameters of the Precursor flow rate(P) and the Dispersion flow
rate(D) were explored. Under the Bismuth ratio of 50% and 66%, the P/D of 7/3 and 5/7
were employed in producing the materials shown in Figure 4-4. Since the materials 7/3
produced lower crystallinity particles, the P/D of 5/7 was altered to contain a higher
concentration of Methane, thus the overall Dispersion of 7 L. min-1 was split to 4 L min-! of
oxygen and 3 L min-1 of Methane. It is important to note that higher methane concentration
immediately takes out the flame, ending the combustion. For the material 66% Bi, P/D 5/7

(with methane at 3 L min-1), a percentage of CuBi204 phase was finally detected.
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[—66% Bi, P/D 5/7(3->CH4)
—— 50% Bi, P/D 5/7(3->CH4)
— 50% Bi, PID 5/7
—— 66% Bi, PID 713
|——66% Bi, PID 57

Intensity (a.u)

Figure 4-4: XRD graph for CuBiz204 FSP synthesis: experiments based on P/D of 7/3, 5/7,
and 5/7 were the 7 Dispersion Flow Rate consists of 4 L min-1 of oxygen and 3 L min- of

Methane.

—— 66% Bi (500C ,180min)
——66% Bi (500C, 30min)
—— 66% Bi (460C, 45min)
—— 66% Bi (430C ,90min)
—— 66% Bi (400C 45min)
—— 66% Bi (370C 45min)
—— 66% Bismuth Ratio

Intensity (a.u)
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Figure 4-5: XRD graph for CuBi204 FSP synthesis: post-FSP calcination at temperatures
ranging from 370 9C to 500 °C, and calcination time from 30 min to 180 min.

Since the advanced method of adding methane in the Dispersion produced -partially-

CuBi204, but the pure phase remains elusive, a post-FSP calcination treatment was
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conducted. As shown in Figure 4-5, the pure phase of CuBi204 can be produced with
minimal temperature and calcination time of 370°C and 45 min. The -calcination
requirements are much less than indicated by the phase diagram, this finding will be later
observed again for the formation of BiFeOs, this is attributed to the FSP materials having a
range in the nanometers, in comparison to the Bulk materials used for the phase diagram

development.

Overall, the partial synthesis of CuBi204 was achieved for the first time with the FSP
technology, while with very minimal calcination conditions, the pure phase of CuBi204 is

obtained.

4.2.2 FSP Synthesis of CuFe204

The same methodology with the CuBi204 was conducted for the FSP synthesis of the
CuFe204 crystal phase. The most prevalent XRD peaks of the CuFe204 phase showed at 20 =
30.4, 33.2, 35.8, 43.6, 54, 57.6, 63.2, attributed to the Miller planes the (200), (103), (211),
(220), (312), (321), (400). The selection of the appropriate powder for the Iron and Copper
was conducted, accordingly to a solvent that will allow homogenous dispersion. The
selected precursors for Iron were Iron Acetylacetonate and Iron Naphthenate, neither of
which can be dispersed with 2-ethyl hexanoic acid. Xylene was selected as the solvent that
has a high enthalpy required for the formation of CuFe204, although for the Copper

precursor only Copper Naphthenate is able to disperse in xylene.

The resulting particles under typical FSP conditions i.e. P/D = 5/5, pilot flame 2/1
(0O2/CHa), are shown in Figure 4-6 with the appropriate CuFe204 XRD peaks shown in the
bottom of the XRD Graph. The results don’t possess the characteristic XRD peaks of the
CuFe204, with the resulting peaks being assigned mainly to Iron oxides, with some small
intensity peaks belonging to copper oxides. This time, the visual indicator for the CuFe204
phase is the peak at 33.2 since almost every other high-intensity peaks are the same as the
Iron oxides. The FSP material containing Iron acetylacetonate produced higher
crystallinity, but due to the lower solubility limit, the subsequent experiments will be

performed with Iron Naphthenate.

Page | 135



— Fe-acetylacatonate / Cu-naphthenate
—— Fe-Naphthenate / Cu-Naphthenate
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Figure 4-6: XRD graph for CuFe204+ FSP synthesis: experiments based on the powder
precursors Fe Naphthenate, Fe Acetylacetonate, and Cu Naphthenate.

—— 66% Fe, PID 5/7(3->CH4)
——350% Fe, PID 57(3->CH4)
—— 50% Fe, PID 57
——66% Fe, PID 317
——66% Fe, PID 517
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Figure 4-7: XRD graph for CuFe204 FSP synthesis: experiments based on P/D of 3/7, 5/7,
and 5/7 were the 7 Dispersion Flow Rate consists of 4 L min! of oxygen and 3 L minl of
Methane.
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As for the FSP parameters of the Precursor flow rate(P) and the Dispersion flow rate(D)
for the formation of CuFe204. Under the Iron ratio of 50% and 66%, with a change from the
previous CuBi204 methodology, the P/D was 5/7 and 3/7 due to the properties of FSP Iron
synthesis observed in our laboratory, the materials are shown in Figure 4-7.
Unfortunately, the P/D of 3/7 still produced lower crystallinity particles. As before, the P/D
of 5/7 was altered to contain a higher concentration of Methane, with a combination of 4 L
min-! Oxygen and 3 L min-! of Methane. The additional enthalpy from the Methane failed to
produce the desired phase of CuFe20a.

As the phase CuFe204 wasn’t able to be produced with the FSP synthesis, a highly
detailed post-FSP calcination treatment was conducted with temperatures ranging from
460 9C to 900 °C and calcination times of 30 to 180 minutes, as shown in Figure 4-8. With
the calcination treatment, a phase transition was detected, unfortunately, the phase of

CuFe204wasn’t detected in any of the aforementioned calcination conditions.

Overall, the experiments didn’t have much success, requiring more advanced FSP

methodology and altering of the fundamental parameters.

—— 50% Iron (900C,60min)

—— 50% Iron (750C,60min)

—— 50% Iron (500C,180min)
" A A

—— 66% Iron (900C,30min)

o, | " o —— 66% Iron (670C,45min)
—— 66% Iron (500C,180min)

e —— 66% Iron (460C,45min)

—— 66% Iron Ratio
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Figure 4-8: XRD graph for CuFez204 FSP synthesis: post-FSP calcination at temperatures
ranging from 460 9C to 900 °C, and calcination time from 30 min to 180 min.
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4.2.3 FSP Synthesis of LiTaOs3

The selection of the appropriate selectivity for the powder for the Lithium and
Tantalum was conducted. The selected precursors for Tantalum were TaCls and Ta N-
Butoxide. The experiments in the later chapter for the FSP synthesis of Ta20s and NaTaOs
showed that TaCls is an effective precursor for Ta-based nanoparticles and much more
cost-efficient. For this reason, the first attempts for LiTaO3 FSP synthesis were based on
TaCls. As for Lithium, the selected precursors were powder Li Butoxide and Li Nitrate. In
these experiments, the selected solvent was Ethanol, which enables a homogenous mixture

and is efficient for the later nanoparticle formation of Ta20s and NaTaOs.

The most prevalent XRD peaks of the perovskite LiTaO3 rhombohedral phase showed at
20 = 23.7, 32.7, 34.8, 42.5, 48.6, 53.4, attributed to the Miller planes of (012), (104), (110),
(202), (024), (116). The results for the different Lithium precursors under typical FSP
conditions i.e. P/D = 5/5, pilot flame 2/1 (0z/CH4), are shown in Figure 4-9. The results
are clearly the XRD peak pattern of Ta20s, without any XRD signs of Lithium, under
calcination conditions of 600 °C for 1 hour, which is sufficient according to the phase
diagram [101], while the crystal phase altered from Ta20s proving that Lithium was

incorporated in the structure, the phase wasn’t the desired perovskite LiTaOs.

It is of fundamental importance to note that the resulting material in the event of
Butoxide had a green color compared to the appropriate white color for LiTa0s. Even more
detrimental, the particles from the Lithium Nitrate had a black color and partial fusion with
the silicon filter, making the extraction much harder. These findings are attributed to the
inefficient combustion of carbon content. In this Ph.D. research, the results of the effect of
carbon content were only evident in the formation of LiTaOs, while every other material
based on Fe-Bi-Ta-Ti particles had a complete combustion as expected from the @ ratio.

Resulting in the FSP synthesis of LiTaO3 being one of the most complex in this work.
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—— 0.4M LiNitrate{600c,1h)
—— 0.4M LiNitrate{400C,1h}
—— 0.4M LiNitrate

—— 0.13M Li Buto xide

—— 0.3M Li Butoxide

Intensity (a.u)

I 1 1
30
20 (degree)

20 40

Figure 4-9: XRD graph for LiTaOs FSP synthesis: experiments based on Lithium Butoxide,

Lithium Nitrate powder precursors. Phase change compared to concentration and Calcination

parameters.
—— 0.4M Ta n-Butoxidel Lithium Nitrate, Xylene/E thanol
——0.4M Ta n-Butoxide/ Lithium Butoxide, Xylene (480C,30 min)
—— 0.4M Ta n-Butoxide/ Lithium Butoxide, Xylene
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Figure 4-10: XRD graph for LiTaOs FSP synthesis: experiments based on the precursor's
Lithium Butoxide solution, Tantalum Chloride, and Tantalum N-Butoxide. Phase change

compared Calcination parameters.
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As the Lithium Nitrate produced problems in the combustion, we focused on the
Lithium Butoxide, where the powder of Lithium Butoxide was first turned into a solution
with mineral spirits. The effect on the Lithium precursor change based on TaCls and Ta n-
Butoxide is shown in Figure 4-10. The resulting materials based on TaCls still produced a
green color, although the perovskite phase LiTaOs was produced, along with other
secondary phases. The formation according to Ta n-Butoxide, with the solvent changed to
Xylene for increased combustion enthalpy, for an additional Lithium Nitrate experiment,
the solvent consisting of partial Xylene/Ethanol (8:1). In each experiment, the Ta n-
Butoxide produced a higher crystallinity and higher phase purity in comparison to TaCls.
Moreover, every particle had incomplete combustion, resulting in a Black or Green color.
Short calcination of 480°C and 30 minutes efficiently removed the carbon content, resulting

in the white color of LiTaOs.
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Figure 4-11: XRD graph for LiTaOs FSP synthesis: selected pure phase LiTaOsz with
different FSP precursor concentrations of 0.1M and 0.4M.

By changing several FSP parameters altering the combustion enthalpy and the High-
Temperature Residence Time, the materials produced had a 100% pure phase LiTaOs,

without the previous carbon content Figure 4-11. The resulting materials produced had
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sizes between 39 and 30 nm dxrp. Preliminary experiments for photocatalytic production of
Hydrogen, compared to Ta20s and NaTaOs, are shown in Figure 4-12. Detailed
photocatalysis of Taz0s and NaTaOs will be shown in later chapters. The overall trend is
that LiTaO3 has reduced photocatalytic efficiency, this is in correlation with other studies
since it has a much larger band bap of 4.7eV in comparison to 4.1eV for Ta20s and NaTaOs3,
although the Conduction band is much higher from the other structures enabling it to

achieve more challenging catalytic processes such as photocatalytic reduction of COz.
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Figure 4-12: Photocatalytic comparison for Hydrogen production, comparison of the
phases Taz0s, NaTaOs, and LiTaOs. Comparison of FSP precursor concentration, changing

particle size.

Overall, the synthesis of 100% pure LiTaOs was achieved for the first time with the FSP
technology, with sizes in the range of 60nm to 30nm, and photocatalytic production of

hydrogen was verified.
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4.3 BiFe03/BixFe409 particles for 4-Nitrophenol Reduction

4.3.1 aims for BiFeOs3/Biz2Fe409 as catalyst for pollutants

4-nitrophenol and its derivatives are broadly applied in the manufacturing processes of
drying agents and anti-corrosion lubricants, also being essential for pharmaceutical
industries in the production of analgesic, antipyretic, and other drugs [332], also resulting
from by-products produced from pesticides, herbicides, and synthetic dyes [333]. The
molecule 4-Nitrophenol has been well studied to inflict damage to numerous organs, such
as the liver and kidneys, and the central nervous system. Thus, the removal from the
substantial by-products of industrial production should be processed and environmentally

removed [334].

The 4-Nitrophenol reduction has been exemplified as a model to discover if the
materials are appropriate for catalytic reactions. This reaction has been thoroughly studied
by various research laboratories. The reduction reaction involves a transfer of six electrons
from the sodium borohydride that acts as a reductant. The process is under ambient
conditions (20 degrees Celsius and atmospheric pressure), with the only product consisting
of only 4-aminophenol without any side product [332]. The process removes
environmentally hazardous nitrophenol, while the yielded aniline products are industrially
applicable for polymers and pharmaceuticals, and it is also the final intermediate for the

industrial synthesis of paracetamol [335].

The majority of works show that efficient catalytic reduction for 4-Nitrophen to 4-
Aminophenol by NaBH4 can be achieved only by the catalytic assistance of noble metal
nanocatalysts, with the majority belonging to Gold(Au), followed by Palladium(Pd) and
Platinum(Pt) [336] [337], various compositions of bimetals [338], and reports of nano-
oxides supported on graphitic matrix [339]. For metal catalysts, the activation energies that
are an indicator of the catalytic activity have a range of 30-50 k] mol-1 [340] [341]. As for
non-noble metal materials, there are scarcely shown in scientific literature as valuable and

efficient catalysts for the 4-Nitrophenol reduction.
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Figure 4-13: The graphical abstract of BiFeOs vs. BizFe4Q9 for the 4-Nitrothenol reduction

Subsequent scientific works showed that BiFeOs had been realized to be an efficient
catalyst for the 4-Nitrophenol redaction to 4-Aminophenol [336] [342]. Although previous
to our submitted work, the mullite type phase BizFe409 or heterostructures with different
concentrations of the two phases BiFeOs/BizFes09 weren’t explored for the catalytic
activity towards 4-Nitrophenol redaction. While the catalytic activity has been investigated,
a thorough thermodynamic comprehension was lacking from the previous publication, in
accordance with the catalytic activity, energy barrier, and molecular steps for these non-
noble metal oxide nanoparticles. For these reasons, the following experiments for the
synthesis of pure phase materials of BiFeOs, BizFe409, and their heterostructure mixed
phase BiFeOs/BizFesO9 materials were characterized and thoroughly explored for the
kinetic and thermodynamic-Arrhenius for the 4-Nitrophenon reduction to 4-Aminophenol.
The derived activation energy is compared with other BiFeOs based materials and noble

metal-based materials, showing a significantly lower activation energy. Finally, by
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employing FTIR spectroscopy and the adsorption isotherms, the results demonstrate an
inversely correlation between the adsorption strength of 4-Nitrophenol on the particles

and the activation energy.

The experimental results for the BiFeOs vs. BizFe4O9 for the 4-Nitrothenol reduction
have been published in our work for the Journal of Powder Technology [224], with the

graphical abstract shown in Figure 4-13.

4.3.2 FSP Synthesis of perovskite BiFeO3 and mullite-type BizFe409

For the FSP synthesis of the perovskite BiFeOs and the mullite-type Bi2FesQ9, a
workable precursor solvent must be mixed. For these reasons, a combination of different
Fe/Bi precursors were employed and different solvents. Two precursors for the Fe Element
were screened: (1) Iron(iii) acetylacetonate and (2) Iron(iii) nitrate nonahydrate. Two
precursors for the Bi element were screened: (1) the Bismuth(iii) nitrate pentahydrate, and
(2) Bismuth(iii) acetate. As powder form for Iron(iii) acetylacetonate and Bismuth(iii)
acetate, solid form of crystals for Iron(iii) nitrate nonahydrate and Bismuth(iii) nitrate
pentahydrate.

The solvent produces a high amount of enthalpy, with four different solvents
considered: Xylene, Acetonitrile, Ethanol, and THF. After stirring for 5 minutes with a small
portion of the Bi/Fe precursor, the results are shown in Table 4-8, with some producing a

small amount of precipitates that disturb the FSP synthesis heavily.

Table 4-8: The combinations of precursors and solvents for soluble or portion of precipitates

in the final solution.

Iron(]| | |) nitrate Iron(]|]) Bismuth(]| | ]) Bismuth(|||)

nonahydrate acetylacetonate acetate nitrate

Xylene Soluble Soluble precipitate

Acetonitrile - Soluble precipitate precipitate

Ethanol soluble Soluble Soluble Soluble
THF - Soluble precipitate Soluble
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As observed, the workable precursors that can be produced contain Bismuth acetate
as a standard, Iron Nitrate or Iron acetylacetonate, and the Iron solvent Ethanol or xylene.
Ethanol has much lower combustion enthalpy, reducing the overall temperature in the
flame hot. To decrease the possibility of small precipitates, the total concentration of the
solvent was 0.2M, where a critical step is to prepare the Fe and Bi precursors separately
instead of adding both in the same solvent, Fe- Xylene, and Bi- 2-Ethylhexanoic acid.
Second, a sonic bath (5min) was implemented for both solvents, and the stirrer
temperature was set at 50 °C for 5min. The solutions did not have any precipitates while
stirred, with the resulting particles shown in Figure 4-14. As measured, the materials were

amorphous with a hump around 30 degrees and a range approximating 10 degrees.

’— Iron acetyl,xylene(Prec.Flow:3)
I—— Iron acetyl,xylene(Prec.Flow:5)
——Iron nitrate,ethanol(Prec.Flow:3)
i— Iron nitrate,ethanol(Prec.Flow:5)

Intensity (a.u)
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Figure 4-14: XRD graph with different Iron precursors and solvents for BiFeOs FSP

synthesis.

By changing the ratio between Fe and Bi, many phase changes occur. A set of
experiments were contributed based on the 9.1% to 65% Iron ratio changes. At low
concentrations of iron, the crystal phase of Bi203 is observed, whereas the iron content

increases and the amorphous hump at 30 degrees is observed in Figure 4-15.
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Figure 4-15: XRD graph with different Iron ratio and Bismuth ratios.

A different set of parameters were explored, based on the sheath gas, the water cooling
the filter (20 or 5 L min-1) and the precursor volume of solvent spent in a continuous
synthesis, the last two are focused on changing the temperature in the filter, since in the
BiVO4 FSP synthesis, the particles can crystallize while they are on the filter, before the
filter sintering as with the BiFeOs the particles are amorphous. The only change in the
crystallinity is shown with the increased precursor volume of 95mL, as shown in Figure
4-16(A), although none of the brag peaks are attributed to the BiFeOs or BizFe4O9 crystal

structure.

Many more experiments were conducted with high sophistication and techniques,
although the direct synthesis of BiFeOs or BizFe4O9 eludes us. For this reason, a post-FSP
step is introduced, with calcination under atmospheric conditions to obtain the final crystal
structures. The FSP parameters are directly linked to the final particle as obtained after
calcination, as shown in Figure 4-16(B), with the 95mL precursor volume producing a
higher crystallinity of iron and bismuth oxides, finally shows that the result in BiFeOs
particles have a higher crystallinity under the same calcination conditions, i.e. the XRD

intensity is much higher.
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Figure 4-16: XRD graph for the effect on sheath gas, the cooling water of the filter, and
the precursor volume spent in a single experiment, (A) the FSP-obtained particles, (B) after

calcination at 550 °C.

To further understand the accuracy of FSP BiFeOs synthesis, a set of experiments at
different Iron ratios were conducted at 50%, 44.4%, and 55%, the FSP-as produced still
had the same amorphous hump. Calcination of 550°C for 1 hour produces the materials
shown in Figure 4-17(A). For 50%, only the BiFeOs structure is observed. The 44.4% iron
ratio has the better definition of the two close peaks of BiFeOs, but not only the BizFe409
structure is observed, but also a small portion of BisO7. The 55% iron ratio has the peaks of
the BizFe409 structure. To further clarify, all the FSP materials with more than 55% Iron
ratio show the Bi2Fe409 peaks in smaller temperatures. Instead of an amorphous phase
before the calcination, the BiFeOs crystallizes faster in materials with small crystallinity of

iron and bismuth oxide.
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For the FSP synthesis of the mullite type Bi2Fe4Oo, higher Iron ratios were tested
with 60%, 65%, and 70% since the phase itself requires a 1:2 Bi: Fe ratio instead of the 1:1
Bi: Fe of BiFeOs. The post-FSP calcination was conducted for one hour at 700 °C, the
produced particles are shown in the XRD graph in Figure 4-17(B). The results are
apparent, where the 60% Iron ratio shows minimal intensity, with more than half in
comparison to the others. It is evident that the formation of mullite type BizFesOo9 is
inefficient at a lower iron ratio. Interestingly enough, the material at 60% had a coarse
grain morphology like hard sand, while at the appropriate iron ratios, the results were still
powder, the coarse grain had very low dispersibility in water or ethanol, reducing the

photocatalytic applications of the material.
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Figure 4-17: XRD graph of different Iron ratios of FSP powders after calcination. (A)
44.4%, 50%, and 55% iron ration with 550 °C calcination, producing BiFeOs. (B) 60 %, 65%,

and 70% iron ration with 700 °C calcination, producing BizFe40o.

The Final selected iron ratio was 65%, this was derived from screening in the

temperatures of 550°C to 7009C, and the overall results showed that the phase transition of
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BiFeOs3 to BizFesO9 was easier accomplished with the 65%, requiring less time and

temperature.

Finally, secondary FSP parameters were employed to finetune the resulting FSP
material in order for the post-calcination to require less time and temperature to derive the
appropriate crystal phases of BiFeO3 and BizFe40o.

No gap tube: Instead of a 2cm gap between the FSP apparatus and the metal tube,
the tube made contact with the apparatus, sealing the flame and the particle synthesis from
the atmospheric air. This means that there wasn’t any oxygen from the atmosphere in
contact with the flame, which reduces the temperature and the synthesis at the Hot
Residence Time of the flame. The result is a decrease in crystallinity, Figure 4-18(A), this is
attributed to the much lower mobility of the particles, resulting in much less deposition
material in the filter, with an estimated half of the total yield from the 2cm gap
experiments.

Burner to Filter Distance (BFD): The distance between the FSP burner and the filter
collecting the particles was set at 61 and 66cm. The reduced distance results in higher
temperatures on the filter. Since the metal tubes have 44cm in height, the temperature
increases by 50 degrees more for the 5cm difference, resulting in a small peak of iron oxide
instead of the amorphous data generally received. Overall, the crystallinity decreases as
shown in Figure 4-18(B).

Precursor flow rate: As the precursor flow rate is a critical parameter for the overall
combustion enthalpy for the creation of particles, experiments were conducted for 3, 5, and
7 mL per min. The results shown in Figure 4-18(C) find the precursor flow of 3 mL per min
to provide superior results, with other studies corroborating that a lower precursor flow
rate and small Hot residence times can synthesize elusive crystal phases. The low
precursor flow rate provides the additional benefit of not damaging the filter due to the
high temperature provided by the additional combustion enthalpy. A severely damaged
filter fuses with the nanomaterials, thus constituting material extraction impossible.

Sintering on the filter: After the conclusion of FSP synthesis, the collected filter that

had an average of 300mg of material was placed on top of the flame apparatus. The FSP
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burned only with the pilot gases. The filter remained for 2 min atop the flame, with the

purpose of an in-situ FSP calcination, although the material remained amorphous, and the

material had reduced crystallinity Figure 4-18(D).

BiFeO,: [ I .4 BiFeO ! I in:

(AA) 0 [ ) ‘ [ (B) ‘ —— Standard(66cm)

p—BFD (61cm)

Intensity (a.u)
Intensity (a.u)
= ——

|
|
1 | { E l\

20 (deqree)
ab. BiFeQ X ] - ab.

N -
(C ) | | Slﬁndard(P}e 3)‘ (D)
- Precursor 5
—— Precursor 7

|
| /
J | i
- Py pr

» n 2 2 n » 2 i 3
20 (degree)

—— Standard
= Filter Sintering

4|

38 40

Intensity (a.u)

~ 20 2 30
20 (degree)

Figure 4-18: FSP parameters for the BiFeQs synthesis, (A) No-GAP and 2cm gap of FSP
apparatus and the metal tube. (B) Burner to Filter Distance of 66cm and 61cm. (C) Precursor

flow rate of 3, 5, and 7 mL per minute. (D) Sintering on the filter with the FSP pilot flame.

4.3.3 FSP synthesis for the Selected materials for the 4-Nitrophenol Reduction

The selected particles were created with the previous methodology for FSP synthesis,
with Iron (III) acetylacetonate (97% Aldrich) dissolved in xylene and Bismuth (III) acetate
(99.99% Aldrich) dissolved in 2-Ethylhexanoic acid. For the material BFO1, a 1: 1 volume
ratio for the two precursors with a total concentration of 0.2M, which was derived from
0.1M from the Iron (IIl) acetylacetonate, and 0.1M from Bismuth (III) acetate. As for the
materials BFO2 through BFO4, the materials had an excess of Iron at 0.132M, while
Bismuth was at 0.066M, in order for the higher iron concentration phase to be obtained
(Bi2Fe409), the parameters are shown in Table 4-9. The Bi: Fe stoichiometry’s percentages
for the materials correspond to the chemical stoichiometry of the metal atoms used in our

FSP protocol, as a stoichiometry of 1:1 / Bi: Fe for the material BFO1 that designated to
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become BiFeOs, while a stoichiometry of 1:2 / Bi: Fe for the material BFO4 designated to
become Bi2Fe409). The solutions were under stirring for 10 minutes at 40°C, resulting in a

transparent final solution free of any precipitates.

The FSP parameters were as mentioned before for a Single Nozzle FSP reactor, with the
precursor flow rate at 3 mL min-], a dispersion oxygen flow rate of 7 L min-! with a nozzle
pressure drop of 2 bar. The supporting combustion flame had oxygen/methane flow rates
of 5/2.5 L min-1, respectively. An oxygen sheath gas of flow rate 5 L min-1, while the flame
was enclosed with metallic tubes, with dimensions of 4.2cm inner diameter and 44 cm
height, the reason for the enclosure was an increase in the High-temperature residence

time, resulting in higher crystallinity.

Table 4-9: BFO Samples used for 4-Nitrophenol reduction, as characterized by XRD, TEM,

BET, and DRS.
precursor  Calcination %Crystalline crystallite SSA  Totalpore  Band
Material ratio Temperature  Volume fraction size (nm) (2o volume gap Eg
Bi/Fe(M) (°0) BiFeO:  BiFesOso dpsr  drev (D] (cm3 g1) (eV)
BFO1 0.1/0.1 550 100 0 80 64 8.9 2.4x102 2.2
BFO2 0.066/0.132 650 57 43 116 - 6.9 1.6 x102 2.1
BFO3 0.066/0.132 675 19 81 188 150 4.6 1.1x102 2.1
BFO4 0.066/0.132 700 0 100 327 | 230 2.8 0.8x102 2.1/1.6

Post-FSP calcination, in order for the selected phases to be produced, by utilizing a
Thermawatt furnace, all resulting FSP powder was exposed to atmospheric air. The
calcination time was set for the four selected materials at 60 minutes. The temperature for
BFO1 was 550 °C, BFO2 at 650 °C, BFO3 at 675 °C, and finally, BFO4 at 700°C in order to
have the appropriate phases as shown in Table 4-9. As mentioned previously, for these
materials an extensive screening was employed with varying temperatures as well as
calcination times. The selected time and temperature were selected for a very high
crystallinity in order to have a complete understanding of the 4-Nitrophenol reduction

according to the different phase percentage, while in the following work that focused on
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Oxygen Evolution Reaction, some non-crystalline attributes were preferable, such as a

percentage of Fe2+ atoms.
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Figure 4-19: XRD graphs for the BFO1 material as prepared, with calcination

temperatures of 500 to 700°C, under atmospheric air and pressure for one hour.

Additionally, to those experiments, specifically for the material BFO1, temperature
control in the range of 500 °C to 700 °C was explored, Figure 4-19. Where at 500 °C the
BiFeOs3 phases are clearly evident, although with decreasing intensity as shown in XRD,
while at 600 °C the BiFeOs starts to shift to the phase BizFe409, at 700 °C the phase change
is complete where only the BizFe40o is evident. Finally, the addition of tubes was explored
for the BFO1 material, where when we used no-tube, the as-prepared FSP particles showed
basically no crystallinity in XRD. Increasing the high-temperature residence time by
including the metallic tubes resulted in a small improvement of the crystallinity of the as-
prepared particles. However, more importantly, the addition of tubes showed a significant

enhancement in the intensity of the XRD, meaning more crystalline particles and removal
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of small amounts of secondary phases present in the range of 28 degrees, Figure 4-20. Our
assumption was that the enhanced residence time creates a fraction of ultrafine
nanocrystals of sizes below 2nm that are below the detection limit of the XRD, nonetheless,
these small particles decrease the time necessary for the crystallization under calcination,
forming more efficiently BiFeOs nanoparticles. Nonetheless, the inclusion of post-FSP
calcination treatment was necessary for the high crystallinity materials for the 4-

Nitrophenol reduction.
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Figure 4-20: XRD graphs for the BFO1 material, synthesized with no metallic tubes
surrounding the flame and with 44cm metal tubes. The calcination conditions were 5500C
temperature for 1 hour. The enclosing tubes greatly enhance the crystallinity and eliminate a

small fraction of secondary phases.

The XRD graph of the four selected materials is shown in Figure 4-21(A). BFO1
material obtained after calcination at 550°C has the characteristic peaks credited only for

the perovskite BiFeO3s space group R3c [343]. For the other three materials, by changing
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the overall concentration of Iron in the FSP synthesis and increasing the calcination
temperature, the BizFe409 phase emerged. BFO4 material at 700°C calcination temperature
shows only the mullite-type Bi2Fes09 with an orthorhombic structure of Pbam [344]. In
order for the two distinct phases to be understood by the reader, at the top of Figure
4-21(A) the distinct peaks of each of the two phases are present, while on the graph, the
Miller planes of (012, 104, 110, 006, 024, 116, 214) for the BiFeOs3 and the (001, 121, 211,
002,130, 202, 212, 141) for the BizFe409 are shown.
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Figure 4-21: XRD patterns for the BFO1, BFOZ2, BFO3, and BFO4 materials. The reference
Miller-planes reflections for BiFeOs and BizFes+09 phases are shown at the graph's top. Inset:

the percentage of phase composition of each material calculated by Rietveld analysis.
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The crystalline phase composition (%) of the two distinct phases BiFeO3 and BizFe409
for the four materials was computed through Rietveld analysis using the Maud software by
fitting the XRD data of each material, listed in Table 4-9 and visualized in Figure 4-21(B).
The results show that BFO1 comprises 100% BiFeOs, while BFO4 has 100% Bi2Fe40o9. The
BFO2 and BFO3 that were meant to be mixed phase materials had some percentages of
each phase, with BFO2 comprised of [57:43] : [BiFeO3:BizFe409] phase ratio, while BFO3
has a [19:81] : [BiFeOs:Bi2Fe409] phase ratio. Furthermore, the Riedvielt analysis showed
that none of the materials BFO1 through BFO4 possess any secondary phases, i.e., Bi20s3,
Fe203, or BizsFeOaso, these phases are often in the final resulting nanoparticles for other

synthesis methods, such as wet or solid-state synthesis methods [44,345].
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Figure 4-22: Rietveld analysis of the BFO2 and BFO3 materials, Maud software calculated
the percentage of the BiFeOs3 and BizFe+09 phases.
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4.3.4 Characterization of the BFO1-4 materials for 4-Nitrophenol

Specific Surface Area (SSA) analysis: The selected materials BFO have the BET-
adsorption desorption data shown in Figure 4-23, generally have low SSA with the 8.9 m?
gr -1 for BFO1, decreasing steadily with 6.9 m2 gr -1 for BFO2, 4.6 m2 gr -1 for BFO3, and 2.8
m? gr -1 for BFO4, while the pre-calcinated material as obtained from FSP has 34 m? gr -1.
From the SSA, we calculated the size of the materials according to the BET measurements
dser [346]. The calculated dser values of the materials are listed in Table 4-9. While the
pore radius and the total pore volumes are shown as an inset in Figure 4-23, the results
mimic those from SSA, with BFO1 Having a total pore volume of 2.4 10-2 cm3 g1 dropping
steadily with each material resulting in the BFO4 having almost four times lower pore

volume of 0.8 10-2cm3 g1
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Figure 4-23: Nitrogen adsorption-desorption isotherms for the BFO materials at 77 K.
inset: pore size distribution plot using the BJH method, showing the cumulative pore volume

and the volume per pore radius.
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Transmission Electron Microscopy: Transmission Electron Microscopy images for the
selected materials BFO1, BFO3, and BFO4 are shown in Figure 4-24. The TEM image
illustrates neck-sintered nanoparticles forming rod-like morphologies. These morphologies
resemble those typically observed by other FSP-made Bi-based materials, such as BiVO4
nanoparticles[347], by Amal et. Al. publication.
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Figure 4-24: Transmission electron microscopy images for the three calcined materials,

showing necked-sintered particles (A) BFO1, (B) BFO3, and (C) BFO4. TEM size distribution.
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The size distribution of the BFO materials, presented in Figure 4-24, reveals the
average particle size drem in the range from 64 to 230 nm. The higher calcination
temperatures that promote particle growth via sintering are attributed to the larger sizes
of Bi2Fes409 particles compared to BiFeOs, in accordance with the large particle size as
determined by dser. The consistent trend for the material size as dser- drem, this
observation is typical for systems with strong particle-particle sintering. The lower SSA due
to sintering lowers the overall size obtained by BET, while the primary particle as observed

by TEM is lower, especially for the smaller particle BFO1 [348].

FT-IR Spectroscopy: The Fourier transform infrared (FT-IR) spectra of the four
selected materials are presented in Figure 4-25. The perovskite phase BiFeOs has two
characteristic absorption peaks at 445 and 557 cm-], originating from Fe-O units stretching
and bending vibrations in the octahedral FeOs groups stationed in the perovskite structure
[349,350]. In comparison, the BizFe4O9 phase has several more characteristic bands at 441,
478, 525, 609, 641, and 814 cm'l, as verified from the literature [351]. The Bi2Fe409 has
tetrahedral FeOs and octahedral FeOs units that compose the crystal structure, from the
octahedral group, the Fe cations produce the first bands present 441cm! and 478cm,
from the tetrahedral pairs of the bending vibrations O-Fe-O produce the band 525cm-,
while from the tetrahedral the bending vibration Fe-O-Fe create the 609 cm! band [352].
Finally, the tetrahedral FeOas stretching produces the 641cm'! and 814cm-! bands. In the
range, this broad signal that is observed in all of the selected materials is attributed to the
stretching O-H group from surface nanoparticle absorption from the atmospheric humidity

[353].

As BFO2 and BFO3 have two phases at different concentrations, as the
concentration of the BizFe4O9 phase increases, a progressive shift of the 557 cm-! signal

decreases, while the peak at 814 cm-! steadily increases, as shown in Figure 4-25.
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Figure 4-25: FT-IR data for the four selected BFO materials in the range from 400 to
4000 cmL. BiFeOs phase is characterized by the 445 and 557 cm™1 peaks, while the BizFe409
phase is characterized by the 441, 478, 525, 609, 641, and more clearly from 814 cmL.

Raman Spectroscopy: The Raman spectra of the selected materials are shown in
Figure 4-26, the characteristic peaks for the BiFeOs phases are characterized by two
definite peaks at 136cm~! and 170cm-! that correspond with that from the literature
[354,355], another significant peak is present at 75cm-1, that it has also been reported for
the BiFeOs structure, although some BiFeO3s material don’t possess this peak depending on
the synthesis method [356,357] accompanied by seven peaks that have small intensities in
the range of 260cm to 520cm [354,355], as shown the BFO1 material only possesses
these characteristic peaks. As for the BizFe409 structure, as with the FT-IR measurement,
the structure has several more distinct peaks, including the peaks at 87, 207, 283, 331, 365,
430, and 552 cm! [358], as shown for the BFO4 material. The change from the two phases
for the BFO2 and BFO3 is again evident from the change in the intensity of these

characteristic peaks.
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From the data derived from FT-IR and Raman, we observe that BFO1 does not
possess any characteristic bands from BizFe409, nor does the BFO4 spectrum contains any
characteristic peaks from BiFeOs. In contrast, the BFO2 and BFO3 have an appropriate
change from the peak intensity from the Bi2zFes09 and BiFeOs phases. Also, none of the
materials show any evidence of the frequently observed phase of Bi2O3 or Fez203 or any

other carbon-based structure that could be resulted from the combustion process.
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Figure 4-26: Raman spectra of the four selected BFO materials, with the

characteristic peaks of the BiFeOs and BizFe+09 shown with the corresponding dashed lines.

UV-Vis DRS: The band gap of each material is not necessary in the case of 4-
Nitrophenol reduction. For completeness, these measurements will be shown in Figure
4-27 and discussed briefly, with the sequential work from this one, it will delve much
deeper into the literature. All the materials have a broad absorption from 200 nm to 600
nm, with the highest absorption belonging to the visible range of 400-480 nm, attributing
to a color scheme of these particles at dark-brown colors. The bandgap energy Egis found

by the Tauc plot [327], where the perovskite phase BiFeO3 (BFO1) has a direct bandgap of
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2.2eV in accordance with the literature [275], while the rest of the materials have a slightly
lower primary band gap at 2.1eV. The mullite-type BizFe409 (BFO4) is expected at 2.1eV
[276], furthermore, an additional secondary smaller bandgap is observed at 1.6 eV, evident
by the absorbance peak at 700 nm [277], with the transition of the two phases the peak at

700nm is clearly increasing in intensity.
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Figure 4-27: (A) DRS-UV/Vis spectra of the selected materials. (B) The Tauc plot for

each material, with the tangential dashed lines marking the estimated band-gap.

X-ray Photoelectron Spectroscopy: The spectra for the three different atoms that

comprise our materials, [ron, Bismuth, and oxygen are explored below.
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The XPS spectra for the FeZp state are presented in Figure 4-28. Iron has two
oxidation states, Fe2ps3/2 and Fe2p1,2, the fitting for these states must be spin-orbit doublet
components, meaning that the two states are linked with an average gap between them of
14 eV. Thus, the first doublet fit has binding energies of Fe 2ps/2 and Fe 2p1,2 at 710.3 and
724.6 eV, respectively. The second doublet fit has binding energies of Fe 2p3/2 and Fe 2p1,2
at 712.6 and 725 eV, respectively. The location of the Fe2p3/2 peaks at 710.3 and 712.6 eV

demonstrates that the oxidation state of the Iron is Fe3+[359].

The peak present roughly at 717.5 eV is a satellite that is noticeable without
overlapping with the oxidation states of Fe 2ps,2 or Fe 2pi/2, supplementary the average
gap between the satellite and the Fe2ps/2 peak at 7.0 eV and 5.0 eV from 710.3 eV and 712.6
eV respectively, as it is observed in the literature, without the presence of any Fe2+ or Fe
impurities [360,361]. Overall, the XPS data indicate that the oxidation state of Fe atoms in

the structure is entirely Fe3+.
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Figure 4-28: Iron XPS spectra for (A) BFO1, (B) BFOZ, (C) BFO3, and (D) BFO4

materials, showing the Fe2pi/2 and FeZp3/2 Iron states.
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The XPS spectra for the Bismuth atoms for the selected materials are shown in
Figure 4-29. The results are straightforward, with the observed characteristic peaks being
attributed to the Bi4fs,2 and Bi4f7/2 spin-orbit splitting states, with bonding energies
observed at 158 eV and 164 eV, respectively. Additionally, the 5.3 eV average gap between

the two peaks is in accordance with the literature [362].

The Oxygen XPS spectra for the selected materials are shown in Figure 4-30, the
results requiring four separate oxygen states. The two major O1s peaks found in all our
particles are attributed to the Fe-O bond, the ferroelectric nanomaterial properties for
these materials are correlated to the Fe-O bond in the unit cell. There are two different Fe-
O bond lengths, classified as short-bonded and long-bonded. The short-bonded Fe-O
requires additional photonic energy to separate the Ols photoelectron from the long-
bonded Fe-O [363]. Thus the binding energy for the short bonded is observed at roughly
531.36eV, while the long bonded is observed at lower binding energies with an average of
529.61 eV [363]. In general, the XPS data are in agreement with the literature data for the
phases of BiFeOs and Biz2Fe409 [363,364].

The BFO1 with 100% BiFeOs crystal phase is observed to have a smaller intensity
for the short bonded Fe-O peak in comparison to the long bonded Fe-O peak. In contrast,
the opposite holds true for the material BFO4 with 100% Bi2Fe409. These findings can be
correlated with the smaller Fe-O bond lengths in the BizFesO9 crystal structure, in
comparison to the Fe-O bond lengths in the BiFeOs crystal structure [343,365]. Thus, the

average population for short Fe-O bond will be much higher in the BizFe409 phase.
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Figure 4-29: Bismuth XPS spectra for (A) BFO1, (B) BFOZ2, (C) BFO3, and (D) BFO4

materials, showing the 4fs/2 and 4f7/2 Bismuth states.
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Figure 4-30: Oxygen XPS spectra for (A) BFO1, (B) BFOZ2, (C) BFO3, and (D) BFO4
materials, showing the long O-Fe bonds, short O-Fe bonds, hydroxyl groups, and the

chemically adsorbed oxygen.
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Additionally, there are two peaks at lower intensity present, although only BFO1
and BFO2 have a peak at 534.5 eV. The low-intensity peak at 532.5 eV corresponds to
hydroxyl groups or the adsorbed oxygen on the particle surface [366]. The oxygen peak at
534.5 eV is attributed to the chemically adsorbed oxygen on the surface of the
nanoparticles [367]. In both these cases, as the hydroxyl groups and oxygen atoms are only
weak bonded on the surface of the materials, it does not correlate to the purity of the

particles.

The Overall data from the characterization measurements of XRD, TEM, Raman, FT-
IR, and XPS data show several factors for the materials BFO1, BFO2, BFO3, and BFO4. First,
the material purity, which was the most crucial factor, was confirmed, unwanted phases
such as the separate oxides of Bi203, Fez203, or Fe304 were not detected, while the structure
of BizFe409 was missing from the BFO1 (100% BiFe0O3). Secondly, the post-FSP calcination
proved that precise calcination temperature and time could produce 100% pure phase of
the desired phases without unwanted crystal phases or oxidation states from the present

atoms.

4.3.5 4-Nitrophenol Reduction from the materials BFO1-4

The reduction of 4-Nitrophenol (4-NP) to 4-Aminophenol (4-AP) was measured
through the UV-Vis spectra, as shown in Figure 4-31, as the mixture containing 4-NP has a
bright yellow color detectable from a distinct 400nm peak, by adding in the mixture NaBH4
and the BFO materials under constant temperature, from the passage of time the 4-NP is
reduced as it is observed the 400nm peak is decreased, with the 300nm peak increases that
correspond to the 4-AP [292], thus the color shifts from the bright yellow to a transparent

solution at the complete reduction of 4-NP.
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Figure 4-31: UV-Vis measurement of the reduction of 4-NP to 4-AP at a constant
temperature. At the top of the graph is the reaction mixture, with the color changing from

yellow to transparent at the end of the reaction.

The NaBHs concentration was included in excess as dictated by the catalysis
compared to the concentration of 4-NP. For this reason, the reduction of 4-NP by the BFO
nanomaterials is considered to be a pseudo-first-order. The first-order rate constants
derived from the linear fit from the first reduction data, for each material of the four BFO
materials, the reaction took place in four different temperatures 5°C, 15°C, 25°C, and 35 °C.
The data are plotted as In (At /Ao) versus time, where Ao is the initial concentration of 4-NP
and At after reaction time t from the absorbance intensity of 4-NP at 400 nm from UV-Vis,
with the overall data shown in Figure 4-32. The calculated rate constants for each material

calculated from the linear fit are shown in Table 4-10.
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Table 4-10: The rate constant of the four materials for the temperatures 5°C, 15°C, 25°C

and 35 °C, including activation energy Ea of the particles.

Rate constant (10-3 s-1)

Material ~ Ea (kJ mol?)
15°C 25°C
BFO1 7.5 0.4 9.2 +0.5 152 19 £2 22 3
BFO2 5+0.2 8.5 +0.7 14 +2 17 3 30 £3
BFO3 1.9 £0.1 3.8 0.2 4.9 £0.3 7.7 £0.3 314
BFO4 0.8+0.02 1.5+0.06 2.3+0.09 3.6 0.2 36 £2
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Figure 4-32: The kinetic data of the four BFO materials for the reduction of 4-NP, with
NaBHs as the reducing agent, by four different temperatures 5, 15, 25, and 35 °C.

The results of the Rate constants show a direct correlation with the phase

percentages of BiFeOs and Bi2Fe409. As the BiFeO3s changes to BizFe4Qo, a sharp decrease in

Page | 167



the reduction rate is observed, with the particle BFO1(100% BiFeO3s) requiring only 200
seconds for a complete reduction, while the BFO4(100% Biz2Fe409) requires at least 900

seconds.

To have a precise control experiment, the experiment at the highest temperature 35
°C was conducted without any nanomaterials, Figure 4-33. As observed, catalysis without
any materials is incredibly inefficient. For this reason, the non-material reduction is

considered negligible, thus nanomaterials are the catalyst that drives the reduction of 4-NP.

|
00 : L [ ] M - . .
0.2} "
| | ]
04+ a M m  without matterials
i ® BFO1
—~ 06L v BFO2
=3 BFO3
5_ M BFO4
< -0.8 -
£ L v
-1.0 -
1.2+
i L ]
1.4+
I »
-1.6 : ' : ' : ' : '
0 100 200 300 400
Time(sec)

Figure 4-33: Kinetic data for reduction of 4-NP to 4-AP, without any nanomaterial, with
NaBHas as the reducing agent, at 35 °C temperature.

Due to the higher calcination temperatures of the BFO4 compared to the BFO1, the SSA
has a very high difference of three times. For these reasons, another test experiment was
conducted, increasing the concentration of particles three times for the BFO4 material
(from 75uL to 225uL volume in the quartz cuvette), while the BFO1 had a decrease in the
concentration by three times (from 75uL to 25ul), at temperature 25 °C. As seen in Figure
4-34, the expected result of a decrease in catalytic activity occurred for BFO1 almost
exactly three times from 15 10-3 s'1 to 5.1 10-3 s-1. At the same time, for the BFO4 the

increase was marginal compared to the increase in concentration. With these results, for
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comparatively the same surface area, the two particles still have very different catalytic
activities, even with an equivalent three times higher surface area (225ul. BFO4 in
comparison to 75uL. BFO1), thus proving that the BiFeOs phase is more effective than the
Bi2Fe409 phase in 4-NP reduction.
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Figure 4-34: Kinetic data for reduction of 4-NP to 4-AP, with different materials volumes
25, 75, 225ul, meaning different concentrations of the two materials BFO1 and BF04, in

order to compare the SSA influence of the two materials.

A thermodynamic approach was implemented to better explain the catalytic trends of
the materials, with the first-order rate constants K as calculated from the linear fits and
already calculated in Table 4-10. The rate constant for all materials increases with the
increased temperature, as expected for this kind of catalysis that relies on charge transfers.
Although most interestingly, the results stay consistent for the four materials, with the
highest activity in all temperatures belonging to BFO1, and decreasing with the

concentration of BizFe409, BFO1>BF02>BF03>BF04.
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As seen in Equation 4-1 [323], the Arrhenius formula was implemented to calculate the
activation energy Ea obtained for the first time in the bibliography for BiFeOs / BizFe40Oo.
The variables are as follows, R is the ideal gas constant 8.314 ] K- mol-1, and C is a fittable
constant. Additional plots were produced with the X axis as 1/T and the Y axis as In(k) with
k as the rate constant for each temperature, as shown in Figure 4-35. According to the
equation, the slope of the graph produces -Ea/R, which is estimated from the linear fit. Thus
we derived the activation energy value Ea for each BFO material for the 4-NP reduction. The

results are shown in Figure 4-35 and Table 4-10.

Ea 1 .
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Figure 4-35: Arrhenius plot, Ink (k: rate constant) versus 1000/T (K1), with each

material's calculated activation energy Ea.

Page | 170



From the Ea data of the BFO materials, there are three crucial conclusions:

[a] The activation energy Ea for 4-NP reduction is much higher for the BizFe4O9 with an

Ea= 36 k] mol-1in comparison to the perovskite phase BiFeO3 with Ea= 22 k] mol-1.

[b] The activation energy of the materials BFO1 and BFO4 are linked with the rate
constants of the reactions, with a lower activation energy producing a much higher rate

constant.

[c] The mixed phase materials BFO3, BFO4, with the higher contend BizFe409 having a
much more temperature dependent change Ea=22 k] moll, than the BFO3 with

approximately (60% BiFeOs, 40% BizFe409) at Ea=30 k] mol-1.

Table 4-11: Literature comparison for catalytic 4-nitrophenol reduction for the BFO1

with similar BiFeOs particles and Fez203 — noble metal assisted materials.

Initial 4- Catalyst Rate
= YSt NaBH,Conc. Ea

(k] mol-1)

Catalyst NP conc. Conc. constant

(mmol L-1)

(mmol L'1) (mgmL-1) (102s1)

BFO-Materials

BiFeO; 0.123 0.014 108 1.5 22 .
This
k
Bi,Fe40o 0.123 0.014 108 0.23 36 wor
mesoporous Not
BiFeO3 0.1 1 > 1.8 reported [342]
BiFe0s-RGO  0.051 0.100 25 1.2 Not [369]
reported
NON-BFO (Fe-based materials)
Not
a-Fe203 0.087 0.333 54 2.7 [370]
reported
Fe30./graphen Not
e/pd 1.85 1 5 6.1 reported | 13711
Fe203-A
25— AU 0.146 X 6 0.84 180 [372]
spheres
Fe@Au-ATPGO 0.001 1.4 59 1.4 9.7 [373]
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Comparison with Literature: Table 4-11 has varied data for 4-NP reaction with
other materials based on BiFeOs and other Fe-based materials compared to the FSP-made
particles BiFeOs and BizFe409. To our knowledge, no studies described the Bi2Fe409 phase
for the reduction of nitrophenol. For the perovskite phase, Papadas et al. [368] produced
mesoporous BiFeOs that showed the high reactivity of these materials, as well as Moitra et
al. [369] produced BiFeO3-RGO materials, as shown they have similar Rate constants, but

the particle concentration required is 10 times higher.

At the time of this work's publication, to our knowledge, there wasn’t any other
publication detailing the activation energy for BiFeOs and BizFes409. In order to have a
proper comparison of Iron-based particles with noble metals as they are the driving force
for these kinds of catalysis [370],[371],[372],[373]. The activation energy can fluctuate
from 180 k] mol-1 [372] to 9.7 k] mol-1 [373], in comparison to our materials as well as the

rate constants, showing again a much higher concentration for the reduction process.

4.3.6 Insights into the 4-NP catalytic mechanism

To better understand the effect of the rate constants and the activation energies, a study
was conducted on the interfacial interaction of the nanomaterial surfaces compared to the
4-NP. The 4-NP interfacial interaction was accomplished first by comparing FTIR
measurements for the anchoring of 4-NP on the surface of the two materials and secondly

with adsorption isotherms of 4-NP.

FT-IR data for BFO 4-NP adsorption: The FTIR spectra for the 4-NP adsorbed on BFO
materials are shown in Figure 4-36. Reference 4-NP is first measured, which has at 1346
and 1515 cm strong bands of stretching vibrations of anti-symmetric NO2. The second
significant peak is assigned to the phenol aromatic ring’s C=C stretching vibrations at 1588
and 1620 cm1 [374]. The peaks are in agreement with the literature and are demonstrated
as lines in the FT-IR graph. The BFO materials that had 4-NP adsorbed on their surface
showed distinct shifts from these two distinct peaks, with a downshift happening upon
adsorption corresponding to the strong or weak interaction between the NO2 group of 4-

NP and the BFO materials surface.
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Figure 4-36: FTIR spectra for the reference 4-NP and BFO materials with 4-NP
adsorption. The N-O bond and C=C of 4-NP are depicted with separate lines.

A clear difference is observed between the various BFO materials for the FT-IR shift
from the 4-NP peaks. First, for the interaction with the NO2z group of 4-NP having a
downshift of Av = -6 cm! and Av = -6.6 cm-! for BiFeOs and BizFe4O9 respectively, meaning a
stronger interaction of the nitro group with the Bi2Fe409 particles compared to the BiFeOs.
Secondly, the interaction between the phenol-ring C=C and the materials shows an upshift
of Av = 1.7cm! and Av =2.9cm! for the adsorbed BiFeOs and Biz2Fe409, respectively.
However, there wasn’t any significant shift for the 1613cm-! band, with overall much lower

shifts for the phenol-ring C=C compared to the NO2 group.

The FT-IR data determined three observations. [a] For both phases, BiFeOs and
Bi2Fe40o, the 4-NP has a weak to moderate interaction, determined by the downshifts and
upshifts of the NO2 and p phenol-ring C=C, respectively. [b] While the adsorption from the
NO2 group is much higher in comparison to the phenyl ring. [c] Bi2Fe4O9 phase interacts

more strongly than the BiFeOs phase on the surface with 4-NP.
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4-NP Adsorption isotherms: 4-NP adsorption isotherms are shown in Figure 4-37, for
the BizFe409 and BiFeOs phases, as found from the BFO1, BFO2, and BFO4 materials. The
adsorption isotherms measurement determines that the BizFe4O9 phase has a stronger
binding capacity of 4-NP than BiFeOs, with the equivalent uptake capacity [293,375] for pH
7.5 at qm= 24, 26, and 34 pmol g1 for the BFO1, BFO2, and BFO4 respectively. Taking into
account the SSA and gm values, the adsorption-surface density of 4-NPs is calculated to be

~1.4 4-NP per (nm)?2 for BFO1 (BiFeOs3) in comparison to ~6 4-NP per (nm)? in BizFe40o.
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Figure 4-37: (A) Uv-vis spectra for 4-NP at different concentrations from 0.2M to 0.01M
before and after the deposition on BFO1 resulted in adsorption. (B) Isotherm of 4-NP
adsorption into (@) BFO1, (@) BFOZ2, and (©) BFO4 at room temperature: Solid symbols
(®/®/©): experimental data. The solid line (—/—/): theoretical fit.
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The data obtained from the FT-IR measurement and the adsorption data analysis
show that 4-NP molecules have a much higher bonded strength on the surface of the
Bi2Fe409 phase than that of BiFeOs. Overall showing that there is an inverse correlation
between 4-NP adsorption and the activation energy £,. As stated by Pozun et al. [376], the
interaction between the substrate (4-NP) and the catalyst(BFO materials) should follow a
volcano curve, where the bond should be neither too strong nor too weak for the optimal
catalytic kinetics/efficiency [376,377]. From the catalytic efficiency, we determine that the
optimal bonding strength of the catalyst/substrate is found with the BiFeOs phase, as found

from the smaller Ea compared to the BizFe409 phase.

4.3.7 Conclusions of 4-NP catalytic by BFO materials
[a] First time synthesis via the scalable Flame-Spray-Pyrolysis method for the 100%
pure perovskite BiFeOs, the mullite-type Bi2zFesO9, as well as their mixed-phase

heterostructures.

[b] Based on PXRD, FT-IR, Raman, and XPS data, all the produced materials are devoid

of secondary Bismuth oxide or Iron oxide phases.

[c] From the catalytic efficiency from the reduction of 4-Nitrophenol to 4-Aminophenol
for the four materials, it was determined that the BiFeOs has a consistently much higher
Rate constant than the Bi2Fe4Q9 in all temperatures and under similar SSA measurements.
The Arrhenius analysis determined that the BiFeOs/4-NP system has a much lower
activation energy than BizFe4O9i.e. 22 k] mol-1 vs 36 k] mol-l. The results are comparable to
other BiFeOs and iron-based/noble metals materials with much lower nanomaterial

concentrations required.

[d] Through FTIR and adsorption isotherms of the BiFeO3 and BizFe4Q9, an inverse

correlation was found between the Ea values with the interfacial 4-NP adsorption strength.
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4.4 BiFeQOs3/Bi>Fes09 particles for Oxygen Evolution Reaction

4.4.1 Aims of BiFeOs/BizFe409 for Oxygen Evolution Reaction

For the second perovskite Bi-Fe-O-based research, the research involved heavily on the
post-FSP synthesis step of annealing, which was only briefly explored in our previous work
recent work [224]. However, it profoundly impacts the structural integrity of the phases, as
shown in Figure 4-38. The materials were employed for the much more challenging
catalytic application of Oxygen evolution reaction (OER), the photocatalytic O2-evolution
from H20, and the annealing temperature as well as the annealing residence time showed a
drastic change in the photocatalytic OER-efficiency of the BFO materials. To understand the
underlying mechanisms, we have used a combination of XRD, XPS, Raman, and EPR
spectroscopies for a comprehensive study of the OER efficiency vs. the lattice and electronic
configuration of the perovskite phase BiFeOs (100%), mullite-type BizFe4O9 (100%) and a
mixed-phase BiFeO3/Bi2Fe409 (50%/50%) material.
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Figure 4-38: FSP synthesis with different annealing temperatures and times for the
production of pure phase BiFeOs, BizFe409, and BiFeO3/BizFe409 heterostructure.
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The results shown herein, for each BFO nanophase was annealed under Oz-atmosphere
for various short or long periods and temperatures with drastic morphological results,
even for a very short time such as 5-minutes, impact the photoactivity of the BiFeOs and
Bi2Fe409 in distinct ways. (1) At the very low annealing period of 5 minutes, the BiFeO3
materials had Fe2+*-centers in the crystal structures. These FeZ*-centers can enhance OER
efficiency. (2) For the mullite type BizFe40o9, the phase is vulnerable to solid-melt formation,
which was a limiting factor in its photoactivity, as the efficiency plummeted after 120

minutes of annealing.
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Figure 4-39: The graphical abstract of BiFeOs/BizFe409 particles from FSP synthesis, in
accordance with different annealing temperatures and times resulting in drastic changes in

the photocatalytic production of oxygen and OH radicals.

Technology-wise, the present work shows that through the scalable FSP method, with
diligent control of the FSP parameters combined with short post-FSP annealing, the
resulting BFO nanoparticles can have controlled phase/size and defects to achieve highly

efficient Oz evolving photocatalyst [169,175]. Moreover, the present research data reveal -
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for the first time in literature- that the optimized mullite-Bi2Fe409 phase is a highly efficient
OER photocatalyst overperforming the established BiFeOs. Combined with the EPR to
detect the kinetics of OH radicals, while through a DFT study for the energy level profile of
the BFO phases with Fe2+-centers defects, present a solid underlying mechanism for the

efficiency of Oz production from H2O.

The experimental results of BiFeOs vs. BizFe4Oo for the OER production of oxygen have
been published in our work for the Journal of Energies [223], with the graphical abstract

shown in Figure 4-39.

4.4.2 FSP synthesis of the selected BiFeOs/BizFe409 for OER

As mentioned in the previous section, the BFO nanomaterials were produced in a
single-nozzle FSP reactor [224]. To briefly summarize, the stock solutions contained Fe(III)
acetylacetonate (97% Aldrich) dissolved in xylene and Bismuth(III) acetate (99.99%
Aldrich) dissolved in 2-Ethylhexanoic acid (EHA). The precursor solution for the
production of the BiFeOs phase had a molar ratio of [50:50] with [Fe]=0.1M and [Bi]=0.1M,
while for the production of BizFe409 phase, the molar ratio of [66:33] [Fe]=0.134M, [Bi]
=0.066M. For all the materials, the total concentration was set to [Fe]+[Bi]=0.2M, and the
solvents [xylene: EHA] volume ratio was [50: 50]. The FSP parameters comprised of a
precursor flow rate of 3 mL min-! and a dispersion oxygen flow rate of 7 L min-! (Linde
99.999%). The flame was enclosed with two metallic tubes with a total of 44 cm in height.
The produced nanomaterials were stored in glass vials under an inert Argon atmosphere.

Post-FSP annealing: Post-FSP annealing was performed in a Thermawatt furnace, where
a standard mass of 100 mg of nanomaterial was inserted in the tubular compartment under
atmospheric 02. The FSP-prepared BFO material showed poor crystallinity without the
expected BiFeOs or Bi2Fes09 phases. The short residence time of the particles in our FSP
reactor, which is in the order of milliseconds [169,175], does not allow total growth of the
desired perovskite crystal structure. Thus, a post-FSP annealing step is necessary for the

Bi-based materials to obtain fully crystalline particles [224].
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The obtained FSP-produced nanopowder was found to have phase transitions occur at
temperatures ~130°C lower [224], i.e. from amorphous to BiFeOs3 than in bulk Bi-Fe-O
materials [378]. Herein several screening experiments, we have found that post-FSP
periods of tanneai=5, 30, 60, and 120 minutes and Tanneai=550-700°C values allowed us to
span the appropriate phase-transitions in conjunction with the photocatalytic
performance. The results found that the lowest annealing periods drastically affected the

photocatalytic performance of BiFeOs and the Bi2Fe409 phase.

Codenames of the BFO materials for OER: Three materials were focused more
heavily on the final results, BFO1 which had a Fe-Bi molar ratio of [50:50] directed for the
BiFeOs phase, BFO2 and BFO3 had a Fe-Bi molar ratio of [66:33] directed for the Bi2Fe409
phase and the mixed BiFeOs3/BizFe409, as shown in Table 4-12. The second parameters
that are intrinsic to the materials are the annealing temperatures(Tanneal), with the BFO1
having 550 9C Tanneal, BFO2 having 625 9C Tanneal, and finally, BFO3 having 700 °C Tanneal. The
final parameter is the annealing time (tanneal), with each material having the annealing time
in the codename i.e. BFO(tanneal). For the BFO1/ BiFeOs phase having the selected 5, 30, 60
min tanneal, BFO2 with mixed BiFeOs/Bi2Fe4O9 at 60 min tanneai, BFO3/Bi2Fe409 at 60 and

120min tanneal.

Table 4-12: Structural Characteristics of the FSP-made BFO materials for OER

photocatalysis.
: o : :
Photocatalys Anne.allng /oCrystalllfle phase c1:ystalllte SSA Total pore
: T/time fraction size (nm) volume
(°C)/(Min) BiFeO3 BizFe4sOo9  dper  drem (cm3 g1)
BF01(5) 550/5 100 0 48 55 14.1 4.01x10-2 2.1
BF01(30) 550/30 100 0 64 - 12.1 2.83x10-2 2.1
BF01(60) 550/60 100 0 67 - 10.7 2.81x10-2 2.1
BF02(60) 625/60 52 48 75 130 9.5 2.11x10-2 2.08
BF03(60) 700/60 0 100 268 240 2.7 0.56x10-2 2.05/1.55
BF03(120) 700/120 0 100 336 - 2.1 0.46x10-2 2.05/1.55
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4.4.3 Phase purity and characterization of selected BiFeO3/BizFe409 for OER

In order to gain insight into the relation of the BFO structures vs. the photocatalytic
performance, we focus on pure phase BiFeOs & Bi2Fes09 with varying degrees of
crystallinity, quality, and defects. Table 4-12 provides the complete set of all pertinent

structures produced by the controlled [Tanneal, tanneal] protocols.

XRD, BET, and TEM for crystal structure and morphology: According to the
resulting data from XRD, as shown in Figure 4-40, the material BFO1(5) obtained for
Tanneal=550°C/tanneai=5 min material possesses the characteristic XRD peaks of the
perovskite structure of the BiFeOs3 with an R3c space group [379], and the most distinct
Miller planes {012}, {104}, {110}, The BFO3(60) material obtained at
Tanneai=700°C/tanneai=60 min exhibits high-quality diffraction peaks of the orthorhombic-
BizFe4O9 Pbam structure [380] with prominent peaks at distinct Miller planes {001}, {121},
{211}, {130}. It is underlined that a lower annealing period of 60 min or lower
temperatures of 700°C resulted in mixed-phase Bi2Fes09/BiFeO3 with increasing
concentration of BiFeOs, thus the minimal required to achieve 100% pure Bi2Fe4QO9 phase

was 700°C and 60 min.

The material BF02(60), which is expected to produce a BiFeOs3/BizFesO9
heterostructure, has been obtained by post-FSP annealing Tanneai=625°C/tanneai=60min. To
accurately measure the phase percentages, a Rietveld-XRD analysis was employed for the
material BFO2(60), as shown in Figure 4-41(A), it determines that BFO2(60) consists of
52% BiFe03/48% Bi2Fes09 phases. Thus, BFO2(60) represents a ~1:1 heterojunction of
BiFeOs: BizFes4Q09. Thus, with a similar Rietveld-XRD analysis, the BiFeOs/BizFe+O9 phase

composition of the three most important materials is shown in Figure 4-41(B).
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Figure 4-40: XRD patterns for the (A) BFO1(5), (B) BF02(60), and (C) BF03(60)

materials. The reference Miller-planes’ reflections for BiFeOs and BizFe4O9 phases are shown

at the graph’s top.
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Figure 4-41: (A) Volume fraction of the mixed-phase BFO2(60) nanocatalyst, calculated
by Profex software. (B) BiFeOs/BizFe+09 phase composition of the three materials BFO1(5),
BF02(60), and BFO3(60).
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The XRD results at different tanneal are shown in Figure 4-42. Overall, the XRD data for
BFO reveal that the FSP-made BFO undergoes phase-evolutions from amorphous to BiFeOs,
and then to BizFe409. For the BFO1 Longer tanneal resulted in sharper XRD diffraction peaks,
indicating improved crystallinity of the BiFeOs phase [381]. In BFO1 or BFOZ2, at a given
Tanneal, upon prolonged tanneal, the particle crystallinity was increased. In contrast, the pure-
BizFe409 nanophases showed a striking degradation in crystallinity at prolonged tanneai=120
min, where BFO3(120) has much less sharp XRD peaks. The rapid decline of crystal quality
was attributed to the formation of solid melt formation [224]. The solid melt formation for

BFO3 can be better visualized in TEM measurement following later.
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Figure 4-42: XRD patterns of: (A) BFO01(5), BFO1(30), and BFO1(60) materials,
calcinated at 550°C (BiFeOs phase), (B) BFO3(60) and BF03(120) calcinated at 700°C
(BizFe409 phase).

It is underlined that, based on the Rietveld analysis of the XRD data, the particles were

found to have only the pure phases of BiFeOs/BizFe409, without characteristic peaks from
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impurities or secondary phases, such as Bismuth-oxides and the more troubling Bi2sFeO40

or Fe203 that are usually difficult to eliminate in solid-state or wet synthesis methods [382].
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Figure 4-43: N2 adsorption-desorption isotherms for the annealing BFO materials: (A)
BFO01(5), (B) BFO1(30), (C) BFO1(60), (D) BFO2(60), (E) BFO3(60), and (F) BFO3(120) Inset:
Pore size distribution plot using the BJH method.

The SSA analysis of the six different BFO materials for OER is shown in Figure 4-43(A),
while the total pore volume of the materials is shown in Figure 4-43(B). The SSA was in
direct correlation to the Tanneal and tannea, where the highest SSA was the BFO1(5) at 14.1
m2g-L which had the lowest Tanneal and tanneal. With a longer annealing time, the SSA is
reduced by almost ~30% from the BFO1(5) to BFO1(60) at 10.7 m?g-1. The requirements of
partial solid melt and the high calcination requirements have the BFO3(60)/Bi2Fe409 had
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an SSA of 2.7 m2g1, where additional annealing time had again an almost ~30% SSA
decrease with BFO3(120) at 2.1 m2g-1. The total pore volume was in the range of 4.01x10-2
to 0.46x10-2 cm3 g1, where the BFO1(5) has almost ten times higher total pore volume than
BF03(120). The dser was measured with the empirical equation, showing size results of 48
to 336nm. The phase composition of BiFeOs/BizFes09 compared to the annealing

parameters and the SSA is shown in Figure 4-44.
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Figure 4-44: Percentage of crystalline phases and SSA for the various annealing

protocols.

In the HRTEM images of the three pertinent BFO photocatalysts shown in Figure
4-45(A-C), the annealed materials appear to possess rod-like morphology with neck-
sintering between neighboring particles, as observed previously in our previous work
[224]. FSP-made Bi-based perovskites such as BiVO4 nanoparticles [383] possess the same
elongated rod-like morphology. The TEM size distribution, Figure 4-45(D-F), confirms the
increase in particle size, upon the increase of Tanneal and tannea, all materials had a size
distribution with a 30% span of the mean drem value, with BFO1(5) at 55nm, BFO2(60) at
130nm, and BFO3(60) at 240nm, Table 4-12.
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Figure 4-45: HRTEM images of (A) BFO1(5), (B) BF02(60), and (C) BFO3(60) and
particle size distribution of (D) BFO1(5), (E) BFO2(60), and (F) BFO3(60). All materials show
strong neck-sintered structures with elongated architectures, typical for many FSP-made Bi-

based metal oxides.

Diffuse Reflectance Uv-Vis Spectroscopy: All our BFO materials showed
characteristic broad absorption from 200 nm to 600 nm, with maximum absorption in the
visible wavelengths 400-480 nm, corresponding to their dark-brown colors, inset photo in
Figure 4-46(A). By employing the Kiibelka-Miink transformation, the Tauc plot was
derived [327], Figure 4-46(B). In addition, a secondary transition was consistently
observed for BizFe409, which is, the band gap of each material is discovered at the dashed
arrow intersection. As the p-index signifies the direct or indirect band transitions in a

semiconductor from the Tauc plot [384], with p=2 for indirect-band transition and p=1/2
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for a direct-band transition, as there is not an explicit agreement in the literature for the
phases BiFeOs and Bi2Fe409 phases are direct or indirect [275], herein, we proceeded with

the assumption of direct transitions for the two phases.
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Figure 4-46: (A) DRS-UV/Vis spectra of the three BFO materials for OER. Inset: the
BF03(60) powder color. (B) The Tauc plot of the three materials, with the dashed lines

marking the estimated band gap.

The direct bandgap of the perovskite phase BiFeOs has been reported to be in the range
of 2.1-2.8 eV [275]. For the mullite-type BizFe409, Eg is expected in the range of 2.1 to 2.3eV
[276]. Also, for the Bi2Fes09, a secondary smaller bandgap of 1.6 eV [277], evident by the
absorbance peak at ~700 nm, usually identified as an indirect transition, suggested to

originate from the d-d transition of Fe atoms [385]. Our data agree with the literature, with
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Eg=2.1 eV for BFO1(5), Eg=2.08 eV for BFO2(60), while the BFO3(60) has Eg=2.05 eV. The
secondary bandgap of 1.6 eV is evidenced in the spectrum of BFO3(60).

All other FSP-made catalysts prepared for various tanneal have Eg in the range 2.0-2.1eV,
as shown in Figure 4-47. In the BFO2(60), this absorbance-hump at 700 nm is lower in
accordance with the lower 48% content in BizFe4Q9. The indirect transitions typically have
lower absorbance cross-sections [59,384] since they require a transition of the
photoactivated electron between energy states with different lattice-vector k [384]
between different Brillouin zones. In the context of photocatalysis, an indirect transition
can inhibit the recombination of the photoexcited e /h* pairs [59,384], improving

photocatalytic performance.
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Figure 4-47: Tauc plots of (A) BFO1(5), BFO1(30), BFO1(60) calcinated at 550°C, and (B)
BF03(60), BEO3(120) calcinated at 700°C.

FT-IR and Raman Spectroscopy: For the three pertinent BFO materials, the FT-IR
measurement is shown in Figure 4-48(A). The BiFeOs phase can be discerned from two
characteristic peaks at 445 cm-! and 557 cm-! due to the Fe-O bond stretching and bending
vibrations from octahedral FeOe groups of BiFe03 [386,387]. The BizFe409 phase has a more
complex structure and it contains both octahedral FeOes and tetrahedral FeOs units [388],

thus its FT-IR spectrum is characterized by several bands of lower intensity than BiFeOs
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[389]. We can identify the BizFe409 phase by focusing on the bands at 441 cm-1, 609 cm-1,
and the more prevalent 814 cml. The mixed-phase material BFO2(60) contains the
characteristic peaks of both BiFeOs and Bi2zFes09 phases, clearly observed from the

characteristic peaks of 557 cm (BiFeOs) and 814 cm (Bi2Fe409), these findings

corroborate the XRD results.

More importantly, the FTIR spectrum of BFO1(5) has additional peaks compared to the
rest of the materials, with weak peaks around the 1250-1500 cm-1 range. These peaks are
assigned to hydrocarbons in the material, as shown in the zoomed-in region of the FTIR
spectra in Figure 4-48(B). The existence of hydrocarbons has been known to be due to
incomplete combustion in the FSP synthesis [390], with very small quantities of remaining
carbon remaining in the material, undetectable from the previous measurement. The
calcination temperature is high enough to remove carbon content, although the small tanneal
of 5 min still leaves some hydrocarbons in the structure. These findings are significant
since, as we will show in the XPS experiments, they can cause a reduction of surrounding

Fe-centers in the material forming Fe2* in BFO1(5).
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Figure 4-48: FT-IR spectra of the three BFO materials for OER, (B) in the range 400 to
4000cm-1. (B) zoom into the hydrocarbon region 1000-2000 cml. The characteristic peaks
that differentiate the two phases BiFeOs and BizFe409 are marked with dashed lines.
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Figure 4-49: Raman spectra of the three BFO materials for OER. The characteristic peaks
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Figure 4-50: FT-IR spectra of: (A) BFO1(5), BFO1(30), BFO1(60) calcinated at 550 °C, (B)
BF03(60) and BF03(120) calcinated at 700 °C. Raman spectra of: (C) BFO1(5), BFO1(30),
BF01(60), (D) BFO3(60) and BFO3(120).
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The Raman measurements for the three pertinent BFO materials are shown in Figure
4-49. As examined in the previous chapter, the phase BiFeO3 has two characteristic Raman
peaks at 136 cm~1 and 170 cm~1, accompanied by seven weaker peaks in the range of 260
cm to 520 cm [391,392]. While the phase BizFe409 is much more complex, exhibiting
multiple bands at 87, 207, 283, 331, 365, 430, and 552 cm-1 [393]. To determine the crystal
structure of the three materials, the characteristic Raman peaks of the two phases are
marked with the corresponding dotted lines. The BFO1(5) exhibits the characteristic peaks
of only BiFeOs without any other detectable secondary molecular bond. While the
BFO3(60) has only BizFes0O9 peaks detectable, BFO2(60) shows that it has both the

characteristic phase peaks with an almost similar intensity ratio.

For completeness, the FTIR and Raman spectra for the remaining BFO materials are
shown in Figure 4-50. It is important to note that with longer tanneai the hydrocarbon peaks
are removed from the sample BFO1, Figure 4-50(A). While the peak intensity in Raman
with longer tanneal is evidently higher and the peaks at the range 260 cm! to 520 cm are
more defined, this is attributed to higher crystalline structure formation and removal of the
hydrocarbon content. As for the BFO3 material, we observed no significant alteration in the

FTIR or Raman Biz2Fe4Q9 characteristic peaks.

Thus, from the present FT-IR and Raman data, it is confirmed that BFO1(5) is a 100%
BiFe0s, BFO3(60) is a 100% Bi2Fe409, while BFO2(60) is a mixed phase. Our XRD, FTIR, and
Raman data provide clear evidence that the BFO materials are devoid of any secondary

crystal phases, i.e., Fe203, Bi203, etc.

X-ray Photoelectron Spectroscopy: The XPS spectra for the three pertinent materials
and the materials BFO1(60) and BFO3(120) that have the longest tanneai are shown in

Figure 4-51 for the Fe2p energy range.

The Fe2p energy range has two sets of doublets corresponding to Fe3+: the doublet at
710 and 712 eV is attributed to Fe3+*2p3/2, while the 723.5 and 725.5 eV are attributed to
Fe3+2p1/2 [394]. The characteristic AE= 13.5eV splitting is representative of the spin-orbit

Page | 190



coupling of the Fe3+2p [395]. The weak peak at ~718 eV is the satellite of the Fe3+2p3/2 at
approximately 6 to 8 eV from the binding energies of the Fe3+2p1/2 [394].
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Figure 4-51: Fe-XPS spectra of: (A) BFO1(5), (B) BF01(60), (C) BF03(60), (D)
BF03(120), and (E) BFO2(60) materials, with the corresponding fitted Fe3*2ps/z: 2p1/z, the
Fe?*2p3y2: 2p1/2 peaks, and satellite peak in the 718¢eV range.

In addition to the expected Iron XPS peaks that were shown in the previous chapter as
well, the Fe-XPS spectrum of BFO1(5) has peaks of the oxidation state Fe2* specifically the
peaks at 706.2eV that correspond to the Fe2*2p3/2, and the 719.7eV at Fe2*2p1/2 [396].
The resulting concentration of the Fe?* atoms is measured at approximately 10-15% as
derived from the XPS areas of the three states. As mentioned in the FT-IR data, we credit
this to the reduction of Fe3* centers by traces of small hydrocarbons left over during the
FSP process [390]. Notably, the Fe2* atoms were not detected in the XPS spectra in the as-
prepared BFO material (shown later in Figure 4-54) [224], nor in any other BFO materials

prepared at higher Tanneal Or longer tanneal, meaning that very specific parameters need to be
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fulfilled to produce from the FSP synthesis BiFeOs with the optimal formation of Fe2+
centers in the crystal structure, this is accomplished with Tanneal at 550 °C and tannea at 5

min.

The XPS spectra for the BFO materials for the Bismuth energy range are shown in
Figure 4-52. All the materials are found to have uniform peaks at 164.4 eV and 159 eV,
where these are attributed to the characteristic two states Bi 4fs;2 and Bi 4f7,2, the spin-
orbit splitting value ~5.4eV of the two peaks is in accordance with the literature [362]

[397].

The XPS spectra for the BFO materials for the Oxygen energy range are shown in Figure
4-53. All the materials have two distinct peaks, with the characteristic peak at 532 eV due
to oxygen adsorbed on the surface of the material and hydroxyl groups [367], while the
peak at 530.1 eV is due to O-Fe units of the crystal structure [398,399]. Although the
intensity ratio for the BF02(60) is very different from the other materials, where the
530.1eV peak has a much higher intensity than the 532 eV peak, possibly the reason is the
much different O-Fe units of the crystal structure at the regions where the BiFeOs and

Bi2Fe409 phases interact.
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Figure 4-53: O-XPS spectra for: (A) BFO1(5), (B) BF01(60), (C) BF03(60), (D)
BF03(120), and (E) BFO2(60) materials. The strong peak at 532 eV represents surface
hydroxyl groups and/or surface-adsorbed oxygen, while the peak at 529.1€V is attributed to

the O-Fe bonds.
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To have a complete understanding of the BFO materials, the As-Prepared powder from
FSP (i.e. without any calcination treatment) is showcased in Figure 4-54. The as-prepared
BFO material showed poor crystallinity without any peaks attributed to BiFeOs or BizFe40o.
Furthermore, the XRD revealed the existence of Fe203, Figure 4-54(A). Thus, the short
residence time of the particles in our FSP reactor i.e. milliseconds [169,175], does not allow
full growth of the BFO crystal structure. Moreover, as mentioned before, the XPS for the
Fe2p energy range only possessed the peaks for the oxidation state Fe3+ i.e. the doublets
Fe3+2p3/2 and Fe3+2p1/2 [394], without any corresponding Fe2* peaks i.e. Fe2*2p3/2 and
Fe2*2p1/2 [396]. Thus, the Fe?* centers of BFO1(5) can only be accomplished from partial

activation of the hydrocarbons in the material due to a short calcination post-synthesis

step.
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Figure 4-54: (A) XRD pattern, (B) Tauc plot, Inset: the DRS-UV/Vis spectrum, and (C) XPS
spectra of the As-Prepared BFO material. The As-Prepared yellow-brown material had poor
crystallinity. Targeted post-FSP calcination protocols allowed the development of high-

crystallinity nanomaterials.
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4.4.4 Photocatalytic evaluation of BiFeO3/BizFe409 for Oxygen Evolution Reaction
photocatalytic Oxygen Evolution Reaction: In order to understand the photocatalytic

process for the BiFeOs and BizFes09 phases for the Oxygen Evolution Reaction, the

Conduction Band (CB) energy position and the Valence Band (VB) energy position of each

material are crucial to diagram the reaction scheme.

We can calculate each material's energy positions Ecs and Evs, with Equation 4-2
through Equation 4-4. The Ar is the atomic electron affinity, and I1 is the first ionization
potential for each atom in the crystal structure. With the Arand I, we can calculate the
individual Mulliken electronegativity X [400]. Finally, the band gaps obtained previously
from the Uv-Vis-DRS, the Ecg and the Evs are determined.

1
X = > (4f +11) Equation 4-2

1
Ecg=X—45-5E, Equation 4-3

Evp = Ecp + Eg Equation 4-4

The CB of BiFeO3 was found to be at +0.34 eV vs. NHE, and the Valence Band (VB)
position was at 2.44 eV. Similarly, BizFe4O9 has a CB-edge at +0.36 eV and VB-edge at 2.41
eV, as shown in Table 4-13. These are in agreement with literature values of a CB-edge of

+0.51 eV for BiFeO3 and a CB-edge of +0.5 eV for BizFe409[278,279].

Table 4-13: The X and Eg values of BiFeOs and BizFes+09 samples obtaining the Ecs and

Evs.
Semiconductor  Ecg(eV) Eve(eV) X(eV) Eg(eV)
Bi;Fe409 0.36 2.41 5.895 2.05
BiFeO3 0.34 2.44 5.887 2.1
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As the energy level of 02/H20 is at +1.23eV vs. NHE, both materials are suitable for the
oxidation of water, and the holes of the photoproduced electron/hole pair are employed for
OER. The electrons as a first step are transferred at the noble metal and secondarily
transferred at NaS20s as an electron scavenger [289]. The overall photocatalytic reaction
proceeds according to the reactions in Equation 4-5 and the reaction scheme shown in

Figure 4-55.

{BFO+hv} + H,0 + S,02~—> {BFO} + 1/20, + 2H* + 2502~  Equation 4-5

E (NHE)
BiFeO, Bi,Fe,O,
H*H,(V=0) -

-7 B

0,/H,0
. (V=1.23)

COH+H*H0 | Bk

2 (V=2.38) J D4

-
—-— e o s w0

3 h* h* h* h*
\ VB )

Figure 4-55: Reaction scheme of the photocatalytic reaction process of BiFeOs and

BizFe40s.

The photocatalytic Oz production data for the BFO materials are shown in Figure 4-56,
where the noble metal employed was Au. The FSP as-prepared BFO material achieved very
low O2 evolution at 151 pmol g-th-1. BiFeOs: Annealing at short-time Tanneai=550°C, tanneal=5
min, dramatically affected the Oz generation efficiency, i.e. 1150 pmol g-1h-1 for BFO1(5). At
prolonged tanneai the Oz-production rates dropped steadily i.e. to 900 pmol gth1 for
tanneai=30min and 780 umol gth! for tanneai=60min. The trend in BiFeOs, shown in Figure

4-56(B), implies a key-optimization step occurring at short tanneai=5 min.
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BiFeO3/Bi2Fe409: The mixed-phase BF02(60), with 52%BiFeOs and 48%BizFe40y,
shows an improved Oz evolution rate of 1300 umol gth! that was higher than the
performance of the best BiFeOs. BizFe409: the trend for the Bi2zFesO9 phase continued
where the pure phase produced an even higher Oz evolution rate of 1550 pmol g-1h-1, which
is almost double production from the BFO1(60) that had similar tannea. Fundamentally
noteworthy is that with longer tanneai=120min the Oz evolution rate dropped at the very low
187 umol g-th-1, only slightly better than the As-Prepared sample.
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Figure 4-56: (A) Kinetics of photocatalytic Oz production by the BFO photocatalysts. (B)
The photocatalytic Oz-production per hour for all the studied BFO.

We have performed a screening of the optimal noble metal loading for the Oz evolution
of the BFO materials. By testing loadings of 0.1, 0.5, 1, 2, and 5 % w/w, concluding that 1%
is the most efficient loading ratio, with higher loadings (2% w/w or 5% w/w) inhibited the

02 production due to coverage of the BFO surface.
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To further peer into the band-positioning of the BizFe4O9 materials BFO3(60), as it is the
best-performing nanoparticle, experiments comparing different electron acceptors were
contacted i.e. Pt0 and Ag® in comparison to the previous Au® experiments. The exhibited
photocatalytic Oz production efficiency is shown in Figure 4-57. The experiments
demonstrate that BFO3(60)/Au® and BFO3(60)/Pt° have almost the same performance,
while BFO3(60)/Ag° show a lower efficiency by 25%, this can be explained through the
energy-level scheme in Figure 4-55. The energy levels of the noble metals are derived from
the work function of each material, with Pt0 at ¢=5.6 eV vs. vacuum, Au® at (p=5.1eV [254],
and Ag?at @=4.2eV [255]. As the energy level of Ag? is in an unfavorable position i.e. higher
than Bi2Fe409 +5eV vs. vacuum (+0.5 eV vs. NHE) [279], the electron transfer has a much
lower kinetic, leading to a higher percentage of electron/ hole pair recombination, leading

to the less efficient photocatalysis.

In addition, to ensure the catalytic stability of the BFO3(60) (BizFe409) catalyst is stable
for 4 catalytic cycles with relatively the same photocatalytic production, at the fourth cycle

a minor efficiency loss of 5% was observed, as shown in Figure 4-58.
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Figure 4-57: Kinetics of photocatalytic Oz production by using various cocatalytic noble-

metals (Ag® PtY, or Au?) for the BFO3(60) nanomaterial.
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Figure 4-58: Repetition photocatalytic experiments for the best performing material

BF03(60).

To ensure the structure and the material properties remain intact, a detailed
examination commenced for all the BFO1(5), BFO2(60), and BFO3(60) after their
photocatalytic evaluation. The XRD, Tauc plot FT-IR, and XPS for the materials are present
in Figure 4-59. For all materials, the crystal structure remained intact, proving their
structural stability, ensured further from the FT-IR measurements. The XPS measurements
didn’t show any interesting differences, although the Fe2* XPS signal of BFO1(5) was not
detected, it is determined that under photocatalytic conditions the Fe2* centers while
beneficial for the photocatalytic efficiency, the Fe2* centers revert to Fe3* due to the rapid
change in charge from the photoproduced electron/hole pairs. The absorption properties
remained the same with the same observable band gap of 2.1 eV. It is important to note
that the photo-deposited gold is not observable due to the low amount deposited and the

instruments' inefficiency in detecting them.
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Figure 4-59: (A) XRD patterns of BFO1(5), BFO2(60), and BFO3(60) before/ and /after
photocatalysis, (B) FT-IR spectra of BFO1(5), BFO2(60), and BFO3(60) after photocatalysis,
(C) Tauc plot and DRS-UV/Vis plots (inset) of BFO1(5), BFO2(60) and BFO3(60) after
photocatalysis. XPS Spectra of Iron for the (D) BFO1(5), (E) BFO2(60), and (F) BFO3(60) after

photocatalysis.

Overall, from the photocatalytic experiments, we can conclude that:

[a] Photocatalytic Oz-evolution is improved significantly when the crystal phase

transitions from BiFeOs towards BizFe40o.
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[b] For materials of the same crystal phase, the annealing protocol parameters of Tanneal
and tanneal allow modulation of the O2 evolution efficiency. In all cases, longer tanneal is
severely detrimental, and synthesis methods should be required to decrease the calcination

parameters.

[c] BizFe4O9 is sensitive to prolonged tannea, as determined from XRD the structure
deteriorates due to solid melt, this is observed from the particles BFO3(60) and
BF03(120). The solid melt causes severe deterioration of its photocatalytic activity by a
factor of ten times. In contrast, BiFeOs doesn’t have solid melt effects, with far less

pronounced photocatalytic efficiency upon prolonged annealing.

[d] The XPS data reveal a correlation trend between the Fe2* centers in BiFeOs and
enhanced 02 production. Theoretical DFT calculations, discussed hereafter, reveal that
these Fe2* atoms significantly impact the energy level positioning of the CB and VB edge of
BiFeOs.

Table 4-14: Literature Oz evolution data of similar photocatalytic systems.

Elect ivi
Photocatalyst Light Source SEOR Activity
acceptor (nmol g-th1)
Au/Bi;Fe409 125 W mercury lamp NaS,0s 1550 This work
Au/BiFe0; 300 W xenon lamp FeCls 380 [401]
(optical filter, A > 380 nm)
Au/BiFe0; 300 W xenon lamp NasS:04 612 [289]

(optical filter, A > 380 nm)
200 W xenon-doped

Au/CeO; AgNOs 233 [402]
mercury lamp

Pt/SrTiOs:Rh 300 W xenon lamp AgNOs 137 [403]

Pt/MnO,/BiVO. 300 W xenon lamp NalO3 650 [404]

As mentioned, the BizFe409 material has not been evaluated for OER previously, thus to
have an accurate comparison with literature data pertinent to Fe, Bi catalysts for
photocatalytic OER are presented in Table 4-14 [289,401-404]. Our FSP-made BiFeOs i.e.
BFO1(5), surpasses the performance of Papadas et al. [289], which is comparable to our

BFO1(60) catalyst. Among all BFO photocatalysts in Table 4-14, the FSP-made Bi2Fes0g9 i.e.
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BF03(60), is a superior photocatalyst for Oz production from H20, overperforming all so far

known Fe-Bi-O materials.

Photogenerated holes of the Photocatalytic Mechanism through EPR: In OER, an
essential step is the oxidation of H20 by the photogenerated holes via the formation of ®OH
radicals [59]. To determine the crucial formation of ®OH radicals, EPR spectroscopy is
employed to monitor in-situ the photogeneration of ®OH through the function of a spin trap

DMPO, Quantitative measuring the DMPO-OH and DMPOX formed.
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Figure 4-60: EPR spectra of photogenerated OH-radicals for: (A) the three best-
performing BFO materials, (B) The BFO1 material with different tannea, (C) The BFO3
material with different tannea. The detected EPR signals correspond to DMPOX states,

resulting from two ®OH trapped per DMPO molecule.

The EPR data show that all the studied BFO catalysts are very efficient in the
photogeneration of ®OH, with the photodeposition of Au as cocatalyst, as shown in Figure

4-60. Interestingly, the EPR spectral patterns have a characteristic 7-line pattern with
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intensity ratio [1:2:1:2:1:2:1], which is the pattern of two ®OH radicals trapped per DMPO
molecule [306], the so-formed structure is codenamed as DMPOX [307]. The reaction path
toward @OH to DMPO-OH and DMPOX is shown on top of Figure 4-60. The formation of
DMPOX reveals that a high local concentration of ®OH occurs [306] during the

photoexcitation of the BFO materials.

The EPR data for the three pertinent BFO materials with the photodeposition of Pt as
cocatalyst is shown in Figure 4-61. The results are drastically different from the Au as
cocatalyst, where the observed intensity ratio is [1:2:2:1], which is the characteristic
pattern of DMPO-OH. Moreover, only the most efficient material i.e. BFO3(60) was
adequate enough to produce a detectible amount of DMPO-OH. While the photocatalytic for
OER is the same for the two cocatalysts, EPR measurements determine that Au-cocatalyst
has a localized effect, the charges are kinetically higher than Pt-cocatalyst. The results
prove that BFO3(60) is the most efficient photocatalyst, with either Pt or Au as the

cocatalyst.

Through the quantification method with calibration of DPPH, the overall produced ®OH
radicals were calculated, where DMPOX is measured as two ®OH. The overall ®OH
quantification is shown in Figure 4-62, and the results provide credit to the Oz production
in Figure 4-56 following the same trends, (i) BFO3(60) had the highest rate of ®OH at 850
umol g1, (ii) a clear trend of BFO3(60)>BF02(60)>BFO01(5) meaning that the transition of
BiFeOs3 to Bi2Fes4QO9 is photocatalytic favorable. For comparison, a reference P25-TiO2
irradiated under the same conditions and as cocatalyst Au generated 300 pmol g1,
interestingly the EPR signal showed an intensity ratio of [1:2:2:1] describing DMPO-OH, the
BFO materials were equal and surpassing the P25 for ®OH photogeneration, where the Au

cocatalyst shows very different charge kinetics leading to the formation of DMPOX.

Accordingly, we conclude that the superior photocatalytic efficiency of BFO3(60) and
pure BizFes4O9 originates from the highly efficient photogeneration of the holes and the

superior charge kinetics.
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Figure 4-61: EPR spectra of photogenerated OH-radicals for the three best-performing
BFO materials. The detected EPR signals correspond to DMPO-OH states, resulting from one
®0H trapped per DMPO molecule.
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4.4.5 Discussion of BiFeOs3/BizFe409 for OER efficiency mechanism from Theoretical
Modeling

Theoretical Modeling (DFT) calculations: The Theoretical calculations were
conducted as explained underneath, for the BiFeO3-R3C [405] and Biz2FesO9-Pbam
structures [406], using DFT as implemented in the Quantum Espresso software [407]. The
projector augmented-wave (PAW) method was used to describe the core pseudopotential
and the generalized gradient approximation (GGA) as simplified by Perdew, Burke, and
Ernzerhof (PBE), and it was used for exchange-correlation effects. Pseudopotentials
containing 15 valence electrons were manipulated for Bi (5d10,6s2,6p3), 16 valence
electrons for Fe (3s2,3p®%,3d®4s2), and six valence electrons for O (2s2,2p*). A plane-wave
energy cutoff of 70.8 Ry was used for the BiFeO3-R3C and BizFe409-Pbam structures. Both
structures were relaxed until the forces acting on each atom were <10-3eV/A. For geometry
optimization and electronic structure calculations, [3x3x3] and [9x9x9] Monkhorst-Pack k-
point grids were used, respectively. Considering the strong correlations in transition metal
oxides, we used the DFT+U approximation in the approach of Cococcioni and de Gironcoli

[408] with a U-value of 4eV applied on both structures.

DFT for BiFeOs: The main reason we conducted DFT calculations was to fundamentally
explain the photocatalytic efficiency and the XPS data correlation for the presence of Fe2*
atoms in BFO1(5), as it appears to have a vital role in the photocatalysis. Interestingly, the
material BFO1(5) i.e. BiFeOs-Fe?* in comparison to the BFO3(60) i.e. pure BiFeOs did not
have any observable difference in the UV-Vis absorbance profile or the band gap value.
Thus, the difference is based on the existing band states.

For Fe2* free BiFeOs, the calculated bandgap values are 2.0 eV (indirect, F/T—=F) and
2.1eV (indirect, F/T—>Z, and F/T'—>L). In accordance with previous reports regarding BiFeO3
[409], the spin-up and spin-down populations are symmetric due to the antiferromagnetic
arrangement of Fe3* magnetic moments. As shown in the DOS plot in Figure 4-63(A), the
maximum energy of the Valence-band VBmax of BiFeOs is dominated by O-2p states, while
the CBmin is by Fe-3d states. The VBmax of BiFeOs is located between the F(0.5,0.5,0) and
['(0,0,0) points and the CBmin at the F(0.5,0.5,0) point, in agreement with the previous

reports [410]. In Figure 4-63(B), one atom of Fe2* has been introduced per unit cell i.e. for
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the sake of the discussion, we codename it {Fe2*}BiFeOs, comparing with the DOS for
BiFeOs (red vs. black lines) reveals that the introduction of Fe2* atoms into the BiFeOs3
lattice causes a downshift of both CD and VB by 0.9eV, without a change in the band-gap

value.

L F r z L rDOS(states/eV)

—— BiFeO, {Fe?)BiFeO,

DOS(states/eV)

Figure 4-63: (A) Theoretical energy band-structure and DOS of BiFeOs. (B) DOS for
{Fe?*}BiFeO0s (red lines) vs. BiFeOs (black lines).

The theoretical result is in accordance with the experimental data of photocatalysis,
which show that {Fe?*}BiFeOs and BiFeOs i.e. materials BFO1(5) and BFO1(30, 60) have
similar Eg values. [ii] The downshift of CB by +0.9eV i.e. towards more positive potentials,
enhances the oxidative capacity of the holes in {Fe2*}BiFeOs vs. BiFeOs, which explains the
enhanced photoactivity of BFO1(5) than BFO01(30, 60). Thus, the present theoretical
analysis indicates that the superior photocatalytic efficiency of BFO1(5) can be attributed
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to the more positive potential of the CB induced by the presence of Fe2* atoms in the BiFeO3

lattice.
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Figure 4-64: Theoretical energy band structure and DOS of ferromagnetic BizFe40s.

DFT for Bi2zFe409: For completeness, we present the energy bands and DOS for
Bi2Fe409, shown in Figure 4-64. In Bi2Fe409 the CBmin is mainly populated by Fe-3d states
and the VBmax by O-2p states, as is the case for BiFeOs. However, in Bi2Fe409 the DOS profile
is fundamentally more complex than BiFeOs i.e. due to the ferromagnetic character of
Bi2Fe4Q09 [393]. More specifically, various transitions are allowed for the combination of
spin-up/spin-down configurations: a transition with energy 2.1eV (indirect, UwP—Xup), one
with 1.1eV (indirect, Uw—Xdown) and 1.6eV (direct, Xdown—Xdown) These are in agreement
with the DRS-UV/Vis data, where the bands at Eg~2.1eV and ~1.6eV are evidenced in the

experimental spectra.

4.4.6 Conclusions of OER photocatalysis from FSP made BiFeO3/BizFe409
[a] Synthesis of perovskite BiFeOs, the mullite-type Bi2Fes09, as well as their mixed-

phase heterostructures with Flame-Spray-Pyrolysis including exploration of the post-
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annealing step with different temperatures i.e. Tannea: 550, 625, and 700°C, and most

importantly for each phase the time i.e. tannea: 5, 30, 60, and 120min.

[b] Based on PXRD, FT-IR, DRS-UV-Vis, Raman, and XPS data, the produced materials
are devoid of secondary Bismuth oxide or Iron oxide phases. Although, the BFO1(5) i.e. the
material with the lowest Tanneal and tanneal showed signs of hydrocarbons through FT-IR,

leading to the existence of Fe2+ centers through XPS.

[c] From the Oxygen Evolution Reaction efficiency of the six materials, there are several
important results. (i) The as-prepared FSP material has very low activity in comparison
even with the lowest annealing materials BFO1(5). (ii) The phase Bi2Fe409 that is evaluated
for the first time in the bibliography is shown to have much higher photocatalytic efficiency
than the more studied BiFeOs, with the OER trend revealing to be BiFeOs< BiFeO3/BizFe409
<Bi2Fe40o.

[d] The OER in comparison to the annealing parameters for the two phases has the
same result of longer tanneal has very detrimental effects on the efficiency, although with
very different reasons. (i) For the BiFeOs phase, the introduction of Fe2* centers in the
lowest anneal leads to enhanced efficiency, as demonstrated by DFT. (ii) For the Bi2Fe409
phase, the solid melt reaction as determined through XRD has a severe reduction of ten
times for the OER production. Thus the lower calcination requirements provided by the
FSP synthesis for the Bi2FesO9 materials with higher photocatalytic production in

comparison to other synthesis methods.

[e] Through DFT analysis, {Fe?*}BiFeOs i.e. BiFeO3 with Fe2* centers, shows a downshift
of CB by +0.9eV i.e. towards more positive potentials, enhances the oxidative capacity of
the holes in comparison to pure phase BiFeOs. The theoretical results support the

enhanced photoactivity of BFO1(5) compared to BFO1(30, 60).

4.5 La: SrTiO3/Cu0 particles for the selective production of H2/CH4

4.5.1 Aims for SrTiOs3 with Lanthanum doping and CuO Heterojunction

Our key research objects for the following publication of the perovskite SrTiOs.
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SrTiOs perovskite as a photocatalyst has a highly reducing conduction-band edge. The
most important aspect of SrTiOs perovskite is that it offers versatile photoactive nano-
templates that can be optimized towards specific technologies, either by doping or via

heterojunction engineering.

[a] To employ a Single-Nozzle FSP (SN-FSP) process for the synthesis of high
crystallinity SrTiOs nanoparticles with controlled La-doping (La:SrTiOs). [b] Double-Nozzle
FSP (DN-FSP) creates a heterojunction of CuO finely dispersed on SrTiOs (SrTiOs/Cu0)
[411]. [c] in-tandem FSP synthesis of Lanthanum doped SrTiOs with CuO-heterojunction
formation (La:SrTiO3/CuO) in one step [412,413]. Technology-wise, this work is among the
first to exemplify the application of Double Nozzle FSP for scalable production of complex
nanomaterials i.e. La:SrTiO3/CuO, with a diligent control of doping and heterojunction in a

single-step synthesis.

[d] Control of the SrTiOs electronic/photocatalytic properties through the in-tandem
La-doping of SrTiOs and heterojunctions with CuO. [e] To study the hydrogen and methane
selectivity from the photocatalysis of an H20/CH30H mixture, the comparison is made
toward the effect of La atoms in the SrTiOs lattice regarding the hydrogen product, while
the effect of interfacial CuO has a selectivity towards methane production. CH30H is
employed as a well-known hole-scavenger [414]. However, most publications do not
examine the CH30H involvement in the reaction path and the final products e.g. eventually

CHa4.

The results from the research have been published in our work with the title “In
Tandem Control of La-Doping and CuO-Heterojunction on SrTiOs Perovskite by Double-
Nozzle Flame Spray Pyrolysis: Selective H2 vs. CHs4 Photocatalytic Production from
H20/CH30H” for the Journal of Nanomaterials [228], with the graphical abstract shown in
Figure 4-65.
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Figure 4-65: The graphical abstract of Double Nozzle FSP synthesis for Nanosized
La:SrTiO3/CuO0, resulting in drastic changes in the production of Hydrogen and methane

compared to the La doping and the CuO heterojunction.

4.5.2 DN FSP synthesis of SrTiO3 in tandem Lanthanum doping and CuO
heterojunction

The FSP parameters were extensively selected under several experiments, some of

which will be presented below, thus we arrived at the FSP parameters of the highly

crystalline and pure phase of SrTiOs.

The precursor solution contains 0.2M Strontium acetate (STREM) and 0.2M
Titanium(VI) isopropoxide (97%, Aldrich), with a total precursor concentration of 0.4M
with the same amount of mols of Srontium and Titanium for the synthesis of perovskite
SrTiOs. The Sr and Ti precursors were dispersed in a mixture of Acetic acid and Xylene (1:1

volume ratio). Acetic acid was one of the very few solvents appropriate for FSP that can
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efficiently disperse higher molar ratios of Strontium, while xylene was employed for the Ti
precursor as it is well documented for FSP synthesis of TiOz, xylene provides a high

percentage of the total combustion enthalpy of the flame.

For the deposition of cocatalytic metals i.e. Lanthanum atoms as lattice-dopant of
SrTiOs, the precursor Lanthanum Acetylacetonate (97%, STREM) was used for all the
experiments. As the Lanthanum Acetylacetonate cannot be efficiently dispersed with the
Acetic acid nor with Xylene, the La precursor was dispersed in a mixture of toluene and 2-
EHA (1:1 volume ratio), this extra mixture consisted of approximately 10% of the total
volume of the final precursor solution, with the other 90% being Acetic acid and Xylene
(1:1 volume ratio). It is essential to note that each precursors were dispersed with their
appropriate solvents i.e. Sr acetate with Acetic acid and Ti Isopropoxide with Xylene
separately, after the successful dispersion in the solvents, then all solvents combined to the

final mixture.

The FSP parameters for the synthesis of the nanoparticles consisted of an oxygen
dispersion flow rate D of 5 L min-! (Linde 99.999%) and a precursor flow rate P of 5 mL
min-l. The pilot flame was ignited by premixed O2 and CH4 (4 L min-1, 2 L min-1). As shown
below, the inclusion of a Quartz Tube to enhance the high-temperature residence time
wasn’'t necessary, thus the experiments were contacted in open flame i.e. No-Tube
inclusion. The produced particles were deposited on a glass microfiber filter with a binder
(Albet Labscience GF_6_257) and collected by scrubbing the nanoparticles from the filter.

The nanomaterials were collected in glass vials under an inert Argon atmosphere until use.

The derived FSP parameters were determined from various experiments, some
important conditions will be presented shortly. The XRD measurements were employed as
a basis for the correct characterization of the SrTiO3 phase and the basic minimum for the
purity of the structure i.e. no secondary phases or amorphous content. Pure cubic
perovskite SrTiOs structure (JCPDS74-1296) has the distinct peaks 20 at 22.71 32.34,
39.91, 46.43,52.29,57.74, 67.78, and 77.13 degrees, these diffraction peaks are assigned to
Miller indices of the (100), (110), (111), (200), (210), (211), (220), and (310) planes for the

cubic perovskite structure (Pm3m).
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The Strontium and Titanium molar ratio was screened, with the total concentration
always being 400mM, and the Titanium concentration was screened at 67mM, 134mM,
200mM, 266mM, and 333mM, as shown in Figure 4-66. As expected, the proper formation
of SrTiO3 can be accomplished with a 1 :1 ratio of Ti: Sr, although a small deviation of 10%
can still produce the SrTiOs phase, but there is a chance of small contents of secondary

phases.

—— 200mM Ti/ 200mM Sr
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Figure 4-66: XRD graph showing the effect of different molar ratios of Titanium and
Strontium for the formation of SrTiOs.

Different precursors of Strontium were employed with the aforementioned Sr acetate
and Sr nitrate. The Sr nitrate had the major drawback that it doesn’t disperse with any
solvent favored for FSP synthesis, much worse a high percentage of water was needed,
which is heavily detrimental for FSP synthesis creating micro explosions inside the flame,
with the final solvent being a mixture of water and Nitric acid at (8.7 : 1 ratio). Even though
the solvent was so detrimental to FSP synthesis, a high percentage of SrTiO3 was obtained,
as seen in Figure 4-67. However, secondary phases were obtained, as shown in the
encircled areas, under calcination of 800 °C for 1 hour under atmospheric air, the material

exhibited 100% pure SrTiOs phase, although this is an additional high energy cost solution.
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Figure 4-67: XRD graph showing the effect of different precursors of Strontium Nitrate

and Sr acetate for the formation of SrTiOs, encircled areas show secondary phases.

Another essential factor for the FSP synthesis, which in many particles determines the
size of the produced nanomaterials, is the total concentration of the precursor. For this
reason, we screened the total concentrations of 0.8M, 0.4M, and 0.1M with the Sr to Ti
atoms always being 1: 1. The XRD results, as shown in Figure 4-68, present that for each
material a very high crystalline SrTiOs phase was obtained. However, the material
produced from 0.1M shows a small percentage of secondary phases (encircled peaks). As
the highest crystalline and pure SrTiOs was observed with 0.4M, all following experiments
were conducted with this total concentration. It is important to note that the dxrp size of
the materials doesn’t alternate from the average 45nm despite the very different FSP
parameters, with the lowest obtained size being produced from the 0.1M concentration of

dxrp 35nm. This observation will be discussed later.
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Figure 4-68: XRD graph showing the effect of different precursor concentrations (0.8M,

0.4M, and 0.1M) encircled areas show secondary phases.

Finally, the screening of the FSP synthesis high-temperature residence time was
conducted by altering the height of the Quartz tube surrounding the flame from 40cm,
20cm, and Ocm i.e. open flame. Additionally, to increase and decrease the size of the flame,
the precursor flow rate and the Oxygen dispersion flow rate (P/D) were changed from 3/7,
5/5, and 7/3. The XRD graph is shown in Figure 4-69. The crystallinity and the purity of
the phase weren’t impacted by the lower high-temperature residence time, and neither did
the P/D change the resulting particles, with the most interesting finding being that the size
of the resulting particles remained more or less the same at 45nm. Although with the 20cm
Quartz Tube, the SSA was much lower at 22.9 cm3 g-1, and the open flame produced an SSA
of 32.3 cm3 g1. Thus every produced material was produced with the open flame FSP

method.
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Figure 4-69: XRD graph showing the effect of Quartz Tube (QT) of different Height

(20cm, 40cm) and open flame FSP, secondary observation of different P/D ratios (3/7, 5/5,

7/3).

4.5.3 Selected materials for DN-FSP synthesis of SrTiO3 in tandem Lanthanum
doping and CuO heterojunction

Double-Nozzle FSP: As shown in Figure 4-70, two FSP nozzles operate in-tandem that
are asymmetrically positioned so that the system generates two different kinds of
nanomaterials by controlling the properties of each nozzle independently. One nozzle
sprays the precursor containing the atoms of Srtronium, Titanium, and small quantities of
Lanthanum for inter-lattice dopping, while the second FSP nozzle contains the precursor of
Copper the Cu(NO3)2¢3H20 (Supelco) dispersed in the mixture Acetonitrile: Ethyleglygol at
a volume ratio 1:1. The Second FSP nozzle for the Copper particles had D and P rates were
5/5, and the pilot flame gases where 4 / 2 L min-l, the same as the nozzle producing

La:SrTiOs.

Screening experiments were conducted to find the preferent geometric parameters: a1
nozzle angle at 20°, and a2=20°. The internozzle distance was placed at x=8cm, and the

vertical intersection distance of the two flames was b=10, see Figure 4-70(C).
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Figure 4-70: (A) Description of the Double-Nozzle FSP (DN-FSP) set-up, the left-side
nozzle produces La:SrTiOs nanoparticles, and the right-side nozzle produces the CuO
nanoparticle cocatalyst. (B) Schematic depiction of the structure of La:SrTiO3/CuO particle.
(C) The geometric parameters for the two nozzles in DN-FSP (ai, az, b, and x).

The selected materials for the work of selected photocatalytic production were
determined to be seven different particles, including a pristine SrTiOs that is used as a
control particle, as shown in Table 4-15. The particles were codenamed as such:
X_La:STO/Y_Cu, for the 3 different particle parameters, with the perovskite of SrTiO3
shortened to STO, X the nominal % La-content per weight for SrTiOs for interatomic doping
of Lanthanum, Y= the nominal % Cu-content per weight of SrTiO3 for the heterojunction of

CuO/SrTiOs.

In this way, we have prepared with the Single Nozzle FSP the particles of pristine
SrTiOs, 0.9La:STO, and 0.35La:STO. For the DN-FSP experiments, we have produced
STO/2Cu, STO/1.2Cu, and STO/0.5Cu. Finally, a particle containing Lanthanum doping and
CuO heterojunction, the 0.25La:ST0O/0.5Cu produced by DN-FSP, is codenamed as
La:STO/Cu, listed in Table 4-15.
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To reiterate, the Cubic (Pm3m) perovskite SrTiOs structure (JCPDS74-1296) has
distinct peaks 20 at 22.71 32.34, 39.91, 46.43, 52.29, 57.74, 67.78 and 77.13 degrees. The
XRD data of the six selected materials La:SrTiO3/CuO are shown in Figure 4-71. All
materials present high crystallinity, with the obtained peaks corresponding precisely to the
Cubic (Pm3m) perovskite SrTiOs structure, with no traces of other crystalline byproducts,
such as TiOz or Sr-oxide. The dxrp calculated by the Scherrer method [326] indicates dXRD

sizes in the 45-55nm range, as shown in Table 4-15.

Single-Nozzle FSP La-doped SrTiOs materials retain their high crystallinity and purity.
More importantly, there weren’t any additional Lanthanum secondary phases, such as
La20s. The materials drastically change photophysical properties with increased La-doping
increasing a pink-hue color, in correlation of 0.9La:SrTiOs3 vs. the white SrTiOs3, see photos
in Figure 4-79. The size of the materials, the La-doping shows an increase in the SrTiOs-
particle size, from 45nm dxrp to 55nm dxrp. Strikingly, counterintuitively to the usual
correlation between size and surface area, the Specific Surface Area of SrTiOs-particle
increases also. This observation is further analyzed in the BET-data analysis, henceforth,

Figure 4-78.

Double-Nozzle FSP synthesis of SrTiO3/CuO heterojunctions retains once again the high
crystallinity of SrTiOs, with an absence of any XRD peaks derived from Cu? Cuz0, or CuO,
this fact is attributed to the very low Copper concentration, that the XRD accuracy fails to
capture, thus the oxidation state of the copper particles will be determined with other
techniques. Although there is a clear correlation between SrTiOs size and Cu content, with a
tendency towards larger particle sizes at increased Cu-content, this observation is in
agreement with previous reports [227], where this can be attributed to the increased
enthalpy that is added due to the second flame, thus increasing the overall synthesis

temperature, and extending the temperature at the stage of agglomeration.
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Table 4-15: Structural Characteristics of La:SrTiOs, SrTiO3/CuO, and La:SrTiO3/Cu0
nanoparticles.

Total pore volume
(cm? g1)
(£0.02x10-2)

La-, Cu-content dxgp(nm)  SSA (m2g1)

Band gap E;

Nanomaterial (eV) (£0.1)

XRF analysis (%owt) (+4) (x0.5)
Single-Nozzle FSP

Pristine SrTiOz La:0 /Cu:0 45 32.3 0.14x10-2 3.2
0.9La:STO La:0.93+0.05 /Cu:0 47 53.1 0.39x10-2 3.2
0.35La:STO La:0.36x0.05 /Cu:0 55 57.5 0.36x10-2 3.2

Double-Nozzle FSP
STO/2Cu La:0.05+0.05 /Cu:2+0.1 53 34.9 0.12x10-2 3.2
STO/1.2Cu La:0 /Cu:1.2+0.1 49 32.1 0.11x10-2 3.2
ST0/0.5Cu La: 0.05£0.05 /Cu:0.5+0.1 45 32.0 0.11x10-2 3.2
La:STO/Cu La: 0.26£0.05 /Cu:0.5+0.1 52 37.3 0.16x10-2 3.2
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Figure 4-71: XRD patterns for the selected La:STO/Cu nanomaterials. Inset: The unit-cell

structure of the cubic SrTiOs3 structure.
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The TEM images of the pristine SrTiOs are shown in Figure 4-72, the other particles
aren’t shown as the resulting particles will be very similar to the pristine SrTiOs, and the
morphology of the nanoparticles are shown to be quasi-spherical with an average wide a
distribution of particle sizes, as shown from the other perovskite particles in the Ph.D. the

spherical morphology is consistent and with other FSP-made particles [175].

The ensuing particle-size distribution was calculated from multiple TEM images and
fitted through a Gaussian fitting, as shown in Figure 4-72(B). The FSP-made SrTiOs
includes a few large particles with 40-100nm diameters and many smaller particles with
below 20nm diameters, resulting in a mean size of drem =170.2nm. The comparison of the
two different interpretations of nanoparticles size the dxrp and drem, exemplifies the well-
known effect of large particles to predominate the diffraction peaks in XRD, thus dxrp

overestimates the average particle size.

04
0 10 20 30 4'0 50 GQ 70 80 80100
Particle size (nm)

Figure 4-72: (A) TEM image of the pristine SrTiOsz particle. (B) Size distribution graph

obtained from several TEM images.
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The morphology and phase composition of the six particles La:STO/Cu particle was
studied using an FEI Talos F200i field-emission (scanning) transmission electron
microscope (Thermo Fisher Scientific Inc, Waltham, MA, USA) operating at 200 kV,
equipped with a windowless energy-dispersive spectroscopy microanalyzer (6T/100
Bruker, Hamburg, Germany). The resulting percentages of Lanthanum compared to the
total weight of Strontium and Titanium for the materials 0.9La:STO, 0.35La:STO, and
La:STO/Cu, calculated from Figure 4-73(A). While the Copper in comparison to the total
height of Strontium and Titanium for the materials STO/2Cu, STO/1.2Cu, STO/0.5Cu, and
La:STO/Cu, calculated from Figure 4-73(B), the La/Cu percentages are depicted in Table
4-15.

It is important to note that the Copper concentration used in the FSP precursor was five
times higher than the observed concentration found in the final particles, this is attributed
to the open flame methodology resulting in many copper particles being irrevocably lost
from the filter. In comparison, the Lanthanum concentration in the precursor was only
30% higher than what is observed in the resulting particles, where the single nozzle forces

the particles to bond in the perovskite structure.
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Figure 4-73: The phase composition of: (A) For the Lanthanum percentage found in the
0.9La:STO, 0.35La:STO, and La:STO/Cu materials. (B) For the Copper percentage found in the
STO/2Cu, STO/1.2Cu, STO/0.5Cu, and La:STO/Cu, as obtained from the (scanning)

transmission electron microscope.
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In Figure 4-74, the Scanning-TEM images for La:STO/Cu are shown as the only
material that possesses the La structural doping and the expected heterojunction with
small Cu-nanoparticles on the surface. Figure 4-74(A to D) shows the atomic mapping of
(A) Ti, (B) Sr, (C) La, and (D) Cu of La:STO/Cu. The SrTiOs perovskite structure is shown to
have high Crystallinity and pure phases since the Ti and Sr mapping does not show any
holes or excess concentration of either atom, negating the possibility of nano regions of
Sr/Ti oxides. The atomic distribution of the Lanthanum atom in the structure is observed to
be uniformly distributed, without La-clusters or separate nano regions of Lanthanum
particles. For the Copper mapping, caution is drawn to the fact that the faint blue-hue is the
enhanced emissions from the Cu-grid atoms employed for the TEM measurements
methodology. The blue-hue signals are found due to the close proximity to the Sr-atoms
producing secondary signals of Cu-electrons from the Strontium excitations enhancing.
Thus, only the signal inside the white circles is an actual Copper signal with a dense
structure. Verifying that dense signal is located only on the surface of the SrTiO3 perovskite

due to the DN-FSP methodology.

Although the uniformly structural deposition of Lanthanum was verified and Cu-
particles are on the surface of SrTiOs, the question of the oxidation state of Copper particles
remains. Two separate identification methods were employed, first through XPS, which will
be shown below, and second through the HRTEM images for the particle La:STO/Cu, as
shown in Figure 4-75. The copper nanoparticles show distinct Miller planes of CuO (110),
with the distance between the planes calculated to be d=2.75A [415], verifying that the
copper particles have the oxidation state of CuO deposited on the surface of the SrTiO3

perovskite, with an average size of <2nm, therefore, they are not detected in the XRD.
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Figure 4-74: Scanning-TEM images with (A) Titanium, (B) Strontium, (C) Lanthanum,
and (D) Copper atom mapping for material La:STO/Cu.

d=275 A
CuQ (110)

Figure 4-75: (A) HRTEM images for La:STO/Cu particle, with the distinct Miller planes of
CuO (110) deposited on the SrTiOs surface. (B) The zoomed area of the previous STEM image
to distinguish the CuO planes.
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4.5.4 Electronic/photocatalytic property characterization for La:SrTiOs3/Cu0O
nanoparticles

The Nz-adsorption isotherms for the seven nanomaterials are presented in Figure

4-76. All seven nanomaterials have the characteristic type-IV isotherm. The pore size

distribution plot using the BJH method of the seven SrTiOs particles and the overall pore

volume is present in Figure 4-77.

To have a clearer understanding of the effect of Lanthanum doping, four selected
materials are shown for the Nz2-adsorption isotherms in Figure 4-78(A). The results show
some interesting trends: First, the La-dopped particles show an increase in their SSA
values, with almost double the SSA of the pristine SrTiOs compared to the 0.35La:STO.
However, considering the XRD data that reveals the size dxrp, this increased SSA does not

concur with the particle size i.e., a bigger SSA should have a smaller size.

Second, another interesting trend is found by examining the pore-size and pore volume
trends upon La-doping of the SrTiOs perovskite, see Figure 4-78(B). The typically total
pore volume found in the literature for SrTiO3 nanoparticles is reported to possess around
15 cm3 g1 [174,416], which is in the same range observed for our pristine SrTiO3
nanomaterial and the CuO heterojunction nanomaterials. Upon La-doping, as mentioned,
there is a sharp increase in SSA, but more importantly a 3-fold increase of the pore volume

to 39 cm3 g1 for 0.9La:STO.

This trend can be attributed to a geometrical effect of aggregation, as depicted in the
scheme in Figure 4-78. This is a result of the FSP-process, where the La-doping decreases
the packing/aggregation of the SrTiOs, even though some SrTiOsz might grow bigger
nanoparticle sizes. It is worth mentioning the relatively high surface area and pore volume
in our nanomaterials in comparison to other synthesis methods for SrTiOs3 that possessed
lower SSA, which is in large part attributed to the high calcination temperatures application

[137,417] in comparison to the short synthesis time/high temperature of FSP.
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Figure 4-76: N2 adsorption-desorption isotherms of the seven SrTiOs particles.
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Figure 4-77: Pore size distribution plot using the BJH method of the seven SrTiO3

particles.
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Figure 4-78: Selected Lanthanum doped SrTiO3 nanoparticles compared to standard non-
doped particles (STO/2Cu) for: (A) Nitrogen adsorption isotherms. (B) The corresponding
pore-size distribution plot using the BJH method and the Cumulative Pore Volume. Bottom:

Schematic nanomaterial visualization of the La-doping effect on the formation aggregation.

DRS-UV-Vis data for the seven selected SrTiO3 nanoparticles are shown in Figure
4-79(A), and the indirect band-gap has been calculated using the Kubelka-Munk method
[327], Figure 4-79(B). The SrTiOs perovskite as a semiconductor has been measured to
have an indirect bandgap of 3.25 eV and a direct bandgap of 3.75 eV [418]. Furthermore,
specific atomic doping such as La or Nb or oxygen vacancies can introduce additional
Density of States(DOS) in the band gap [418], with DOS showing below the Conduction

Band producing an n-type alteration for the structure.

For all the seven materials, the absorption begins at 390nm correlating to a band gap
close to 3.2eV [419], listed in Table 4-15. Lanthanum doping or Copper heterojunction
fundamentally alters the material's color, in comparison to the white color of pristine

SrTiOs3, as shown in the side-photos of Figure 4-79, Lanthanum doping results in a purple
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hue, while a deep brown tint was observed for the CuO heterojunctions [227], this is
further evident by the extra visible absorption in the 400-580nm range in the DRS Uv-Vis.
Overall the changes in the perovskite attributes based on the La-doping and Cu-

heterojunction are in accordance with the literature data.
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Figure 4-79: For the seven selected materials SrTiOs :(A) DRS-UV-Vis data, with CuO
increasing visible absorption. (B) Tauc-Plots with the dotted arrows show the calculated
bandgap. Side-photos: The powder nanoparticles showcase the color shift in comparison to

the white color of pristine SrTiOs.

X-Ray Photoelectron Spectroscopy: XPS data for the oxidation states of Ti - Sr- O- and
Cu atoms are presented below. For convenience, the three most remarkable materials are

presented, the material with the highest Lanthanum deposition 0.9La:STO, the highest
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Copper deposition STO/2C, and the material La:STO/Cu with the deposition of Lanthanum

and Copper atoms.

For the Titanium XPS spectra, all materials have peaks located at 457.7eV and 463.4 eV,
which are the binding states of Ti 2p3/2 and Ti 2p1/2 respectively, corresponding to typical
Ti%* states, as shown in Figure 4-80(A-C). For the Strontium XPS spectra, the materials
exhibited binding energies at 132.2 eV and 134 eV that are identified as the Sr 3ds/2 and Sr
3ds/2, corresponding to the oxidation state of SrZ* for the SrTiOs [420,421], as shown in
Figure 4-80(D-F). The Titanium and Strontium oxidation states are consistent with the

expected for the perovskite structure SrTiOs, thus there aren’t any Sr-Ti impurities in the

structure.
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Figure 4-80: XPS spectra of Titanium for the binding energies of Ti 2p3/2 and Ti 2p1/2 for
the (A) La:STO/Cu, (B) STO/2Cu, and (C) 0.9La:STO materials. XPS spectra of Strontium for
the binding energies of Sr 3ds/2 and Sr 3d3z/2 XPS spectra for the (D) La:STO/Cu, (E) STO/2Cu,
and (F) 0.9La:STO materials.
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The XPS Oxygen data are shown in Figure 4-81(A). For all the materials, three peaks
were observed, starting with the lowest binding energy at 528.9eV that can be attributed to
the lattice oxygen species of the SrTiOs crystal structure [421,422]. The binding energy at
531.1eV is attributed to chemisorbed oxygen. Finally, the peak at 532.4eV is attributed to
adsorbed oxygen from the atmosphere on the particle surface or hydroxyl groups
[421,422]. The material La:STO/Cu (0.25%La/0.5%Cu0O) has a partially different intensity
ratio between the lattice peak and the chemisorbed oxygen species. This can be possibly
attributed to oxygen vacancies in the crystal structure derived from the lattice bending
from the lanthanum doping, this lattice bending can impact the adsorption and efficiency of

the oxygen species at the catalyst surface [421,422].

The XPS Copper data are shown in Figure 4-81(B). The copper oxidation state is crucial
in determining the crystal phase of the copper and secondary impurities. As already seen
from the STEM Miller spacing, the particles were found to be CuO, although the XPS can
show a much more broad area of the nanoparticles and more accurately determine small
copper species. The material STO/2Cu i.e., the material with the higher Cu-loading is
measured since it possesses strong Cu-XPS signals to ascertain the Cu-oxidation state

precisely.

The binding energies located broadly at 932.8eV and 952.7eV correspond to the Cu
2p3/2 and Cu 2p1,2, respectively [423,424], with the peak for metallic copper distinctively
absent, from the XPS there are two other possible oxidation states Cu(II) or Cu(I). The
distinction can be determined from the strong satellite signal presence at 941eV and the
broader peaks of Cu 2ps3/2 and Cu 2p1,2 indicate that the Cu atoms are in the Cu(Il)
oxidation state [423,424]. Thus, XPS results further confirm that the heterostructure is
indeed SrTiO3/CuO. This is in agreement with the FSP-methodology that we employ, with
the Precursor/Dispersion(02) rates of 5/5 and open flame set-up (i.e. the flame wasn’t
surrounded by Quartz Tube) that produces a highly oxidizing environment [175] that in the

case of the copper nanoparticle synthesis promotes the formation of CuO.
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Figure 4-81: XPS spectra of Oxygen for the binding energies of Lattice, chemisorbed, and
surface Oxygen for (A) La:STO/Cu, (B) STO/2Cu, and (C) 0.9La:STO materials. (D) XPS spectra
of Copper for the binding energies of Cu 2ps/2 and Cu 2pi/2 XPS spectra for the STO/2Cu

material.

Overall, the XPS data for the oxidation states of Ti - Sr- O- and Cu atoms shows the
deposition of Lanthanum doping in the structure or the heterojunction of CuO particles in
the surface does not alter the SrTiO3 oxidation states, with the typical Ti** and Sr2+
oxidation states, although there are some O-vacancies in all materials. The nanoparticles of
Copper are confirmed as CuO from XPS and TEM. La-could not be detected by XPS in any of

our materials due to the very low concentration in the materials.

4.5.5 La:SrTiOs/CuO materials for selective photocatalytic production of H2/CH4
Photocatalytic results for photocatalytic hydrogen production of the seven SrTiO3
materials were evaluated using a mixture of H20/CH30H as a catalytic substrate. The

catalytic products were observed to be only H2 and CHa4 for all the particles. Beginning with
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the most academically explored product of Hydrogen, the results are shown in Figure

4-82(A), with the corresponding rates per hour in Figure 4-82(B).
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Figure 4-82: Photocatalytic production by the nanomaterials from an H:20/CH30H
mixture. (A) Hydrogen per time. (B) The Hydrogen production rate [umols per gr catalyst per
hour].
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Figure 4-83: Photocatalytic production by the nanomaterials from an H:0/CH30H
mixture. (A) Methane per time. (B) The Methane production rate [umols per gr catalyst per
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The highest Hz-yield was 11980 umol g-th-1, achieved by the 0.9%La: SrTiOs, which is
~500% higher than for pristine SrTiOs that has Hzyield of 2760 umol gthl. A clear
beneficial trend is observed between 0.9La:STO, 0.35La:STO, and pristine SrTiOs, with
higher La-doping promoting the photocatalytic efficiency of Hz-production, the
photocatalytic beneficial effect of Lanthanum doping trend is in agreement with the
literature [150,151]. As hydrogen production has already been explored compared to
Lanthanum doping, the most intriguing aspect of the observed materials is the effect on

methane production.

The results of the photocatalytic production of methane are shown in Figure 4-83(A),
with the corresponding rates in Figure 4-83(B). From the results, it is evident that in the
absence of CuO, the production of CH4 from the photoreduction of methanol was minimal,
while the selectivity towards CHa4 is apparent for all CuO heterojunctions, where the least
efficient material SrTi03/2%CuO has almost the same H2 production as the pristine SrTiOs.
However, there is a sharp increase in the CH4 (76 to 136 umol g-1h-1). Decreasing CuO
content to 0.5% CuO resulted in almost double the hydrogen production of 2% CuO, while
most importantly, the methane production of SrTi03/0.5%CuO increased to 704 umol g-th-

1, ten times increase from the pristine and 5 times increase from 2% CuO.

The drastic change in the photocatalytic efficiency derives from the Cu-loading of
SrTiOs surface, where a higher percentage of the surface is covered with CuO, which in turn
might act as an inhibitor of light-absorbance by the SrTiOs. This ‘darkening’ effect plays a
key role in diminishing the photocatalytic activity. Most interestingly, the material
0.25%La/0.5%Cu combined the effect of La/CuO, where the Lanthanum enhanced the
photocatalytic efficiency, with the CuO harnessing this enhanced efficiency towards the
selective photocatalytic production of methane, with the CH4 reaching 1469 umol g-th-1and

H2 to 5907 umol g-th-L
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Overall, the present data in Figure 4-82 and Figure 4-83 demonstrate that: [i] In all
instances, La-doping significantly increases the photocatalytic activity, [ii] CuO on SrTiO3
drives the products toward the reduction of CH30H to CH4, controlling the photocatalytic
product through selectivity of Hz/CH4. Where SN or DN FSP can offer a competitive
synthesis technique for the production of nano SrTiOs, La:SrTiOs, SrTiO3/Cu0O, and more
complex nanoparticles such as La:SrTiO3/CuO in one step, these materials show significant
photocatalytic activity that can be tailored towards either pure H2 production or CH4/H2
production from H20/CH3OH mixture. After the photocatalytic application, the particles

fully retained their structure, as evidenced by XRD data, as seen in Figure 4-84.

—— Before Photocatalysis
—— SrTiO, after photocatalysis

Intensity (a.u)

10 20 30 40 50 60 70
20 (degree)

Figure 4-84: XRD data of SrTiOs before and after photocatalysis production of Hz/CHa.

An analytical comparison of photocatalytic activity for SrTiOs-based nanocatalysts in
the literature vs. the present FSP particles is shown in Table 4-16. From the literature,
there isn’t any applicable measurement of CH4 production, although the application of
methanol or ethanol as a sacrificial agent is well established, only the hydrogen production
is published. For this reason, the literature comparison is only for Hydrogen production.

Most research publications utilize Xenon radiation which is similar to solar radiation, with
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the highest yields shown in Table 4-16, although there are several works that utilize

Mercury lamp radiation that consists of a high percentage of UV-irradiation.

Table 4-16: Hydrogen production rates and conditions reported for similar

Ref.

particles/methods.
Photo . Cocatalyst Light Reaction H; Yield (umol
catalyst Synthesis method (wt%) Source solution g1th1)
. H20 + 20%
0.9%La:SrTiO3 FSP 1% Pt Hg(250W) CH;0H 11978
0.25%La:SrTi0/ o H,0 +20%
0.5% Cu FSP 1% Pt Hg(250W) CH.OH 5907
Microwave assisted o UV-low 50% H20 + 50%
Ag-STO hydrothermal 2% Ag pressure Hg ethanol 463
. Polymerized- 0 Pure water+
Pt- SrTiO; Complex 0.32% Pt Hg (500W) 40% methanol 3200
Nanofibers - Pure water+
SrTiOs Electrospinning - Hg (450W) 40% methanol 160
. Solid state Pure water+
La: CoO/SrTiO3 reaction - Hg(400W) N2,COs 2800
Na:SrTiOs polymerizable 03%Rh  Hg(450W) Pure Water 1600
complex
Macroporous emulsion 0 Pure water+
SrTiOs polymerization 0.7% Pt Xe(300W) 25% methanol 3599
g-C3N4+/Rh- . 0 Pure water+
SrTi03/RGO Multiple methods 0.58% Rh Xe(260W) 10% TEOA 3467

In the case of SrTiOs, full utilization of the material as a semiconductor requires Uv
radiation, since its band-gap is 3.2eV, in order to maximize the photocatalytic production of
Hydrogen [425-429], in comparison with the high percentage of visible-light H2 production
[430,431]. In this context, the Single Nozzle FSP-made 0.9%La:SrTiO3 nanocatalyst has the
highest yield in comparison to the literature data on pertinent La:SrTiO3 materials,
although the irradiation method that was employed of Mercury lamp certainly boosts the

photocatalytic production.

Methane photoproduction isn’t mentioned in the literature for SrTiO3/CuO
heterojunctions. For this reason, other works are showcased to determine the effect of
Copper based particles on the photocatalytic effect on hydrogen or methane selectivity.
First, for hydrogen production, stabilizing CuO or Cu2z0 NPs on metal oxides with lower

conduction-band positions is a common strategy to enhance photocatalytic H2 production
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[432,433], with predominant applications of Cuz0 particles coupling with TiO2 or ZnO leads
to efficiency photocatalysts [432,434].

Secondly, for the methane selectivity, Xiong et al. demonstrated that on a TiO2-Pt-Cuz20
nanohybrid, Cuz0 promotes the CH4 production and at the same time, suppresses the Hz
evolution [435]. Chen et al. had shown that the co-existence of Cul*/Cu® species on TiO2
enhances the photocatalytic efficiency by increasing the lifetime of electrons leading to an
enhancement of CO2 hydrogenation. In the same study, the reduction of CuO to Cu® was
found to be more efficient for the photocatalytic production of CHs4. The hybrid Cu-
Cu20/TiO2 has shown an excellent selectivity for CH4 which is attributed to the suppression
of CO formation from Cu® species, while Cul* species act as the active sites for CH4
production [436]. All these data pose the possibility that the promotion of CH4 production
by SrTiO3/CuO or La:SrTiOs3/CuO heterojunctions might involve the formation of Cul* or
Cuf species at the SrTiO3/CuO interface.

4.5.6 Conclusions of FSP made La:SrTiO3/CuO for photocatalytic production of
Hz/CHa4

[a] Implementation of Single-Nozzle Flame Spray Pyrolysis technology as a synthesis

method to produce controlling Lanthanum-Doping in the crystal structure of SrTiOs, while

Double-Nozzle Flame Spray Pyrolysis for in-tandem CuO/SrTiOs-heterojunction. The

proposed FSP-technology allows controlled production of complex nanoparticles such as

La:SrTi03/Cu0 with fundamental advantages of one-step production and the potential for

scalable production.

[b] The resulting nanomaterials showed distinct structural-electronic properties, with a
distinct change in structural property from the La-doping inducing a characteristic increase
of SSA via the formation of larger pore-voids, sequentially the electronic properties altered

with the CuO heterojunction, with the wavelength absorption shifting toward visible light.

[c] Diligent control of the La-doping and SrTiO3/CuO heterostructure allowed selective
control of photocatalytic production of H2 or CH4 from an H20/CH30H mixture. La-doping
in all cases increased the photocatalytic activity of SrTiOs nanocatalysts, with the 0.9La:STO
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showing a benchmark Hz-production rate of 12 mmol g-th-l, approximately a five times
increase from pristine SrTiOs. Incorporation of CuO drastically shifted the selectivity from
H2 toward CH4, with the SrTi03/0.5%CuO having CH4 production of 704 umol g-1h-1, a ten
times increase in comparison to the pristine SrTiOs. The highest CH4 production was
achieved with in-tandem incorporation of La and CuO, for the 0.25%La:SrTi0,0.5%Cu0

catalyst, with a CH4 production rate of 1.5 mmol g-th-1.

Thus, the present work exemplifies FSP as a potential synthesis technology to produce
complex nanocatalysts while bringing new insights into photocatalysis for Hz/CHa

production.

4.6 EPR Study of Photo-induced Hole/Electron Pairs in NaTaO3z Nanoparticles

4.6.1 Aims of NaTaOs photoactivity from EPR

Alkali tantalates, particularly NaTaOs are highly efficient photocatalysts under UV
excitation [93-96] due to highly-negative conduction band energy, determined
primarily by the d-orbitals of Tantalum and the effect of alkaline atoms. The photo-
induced electron/hole pair facilitates the photocatalytic reduction and oxidation i.e.
Hydrogen generation from water or COz reduction, while the h*/e- pair are key-step
the direct detection of them remains elusive. To detect and understand the h*/e- pair,
we applied the electron paramagnetic resonance (EPR). There are only a few EPR
studies that exist on photoactive NaTa0s3, however, none on photoinduced {h*/e’}
pairs.

In order to have a successful detection, we synthesized the Perovskite NaTaOs3 for
the first time through flame spray pyrolysis (FSP). The FSP technology allowed the
formation of the smallest nanoparticle size in the bibliography. Herein, we made the
hypothesis that the smallest nano-NaTaOs particles would expose the elusive photo-
induced {h*/e‘} pairs, as the semiconductor particle size is of key importance in
correlation to the recombination of {h*/e} pairs.

To understand the role of the particle size in {h*/e’} dynamics, two NaTaOs3

sizes (14 and 26nm) were studied. The aim of the present work: [a] Synthesis by FSP
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for small perovskite NaTaOs nanoparticles. [b] In situ trapping and detection of
photoinduced {h*/e} pairs and identification of their lattice vs. surface nature by low-
temperature CW-EPR (77K). [c] Study of the recombination dynamics of the
photogenerated ht*/e- pairs in comparison with photocatalytic Hz production
performance.

The results from the research have been published in our work with the title “Electron
paramagnetic resonance study of photo-induced hole/electron pairs in NaTaOs3
nanoparticles” for the Journal of Chemical Physics Letters [225], with the graphical abstract

shown in Figure 4-85.

3000

3000 3200 3400 3600 3800
Magnetic Field (Gauss)

Figure 4-85: The graphical abstract of Nanosized NaTaOs for photoinduced h*/e- pairs

and recombination dynamics.

4.6.2 Characterization for the NaTaO3 Nanoparticles for photoinduced e-/h+*:
Flame Spray Pyrolysis Synthesis of NaTaOs: The bulk of the experiments for
the NaTaOs formation will be detailed in the next section for easier comprehension

and simplicity.
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To mention only the fundamental parameters, the two NaTa0O3 nanoparticles were
produced in a single-nozzle enclosed FSP reactor, the precursor solution had a molar
ratio of 1:1 Tantalum(V) chloride (anhydrous 99.9%, STREM) and sodium 2-
ethylhexanoate (98%, TCI), dissolved in ethanol. The 14nm-NaTaOs had a total Na-Ta
concentration of 0.1M, while the 26 nm-NaTa03 had a total Na-Ta concentration of
0.6M. The flame was surrounded by a quartz tube of 20 cm in height, and the FSP
parameters comprised a dispersion oxygen flow rate of 5 L min-! (Linde 99.999%)
and a precursor flow rate of 5 mL min-.

Morphology of the two-sized NaTa0s: The two materials are codenamed 14NaTa03
and 26NaTaOs according to their 14nm and 26nm size. The overall size, morphology, and

photocatalytic efficiency are shown in Table 4-17.

Table 4-17: Structural characteristics of nano-NaTaOs3 for EPR photoinduced e /h*.

crystallite size Total pore
_ Hydrogen
Material . volume
2 (umol g1 h1)
(cm”g")
14NaTaO, 141 12 60.5 18x107 1621
26NaTa0, 26 +1 27 27.5 7x10” 645

The XRD data of the two materials are shown in Figure 4-86, Fitting of the XRD data
shows that their crystal structure is close to either orthorhombic (a = 5.52134, b =
7.7952A, ¢ = 5.4842A, JCPDS 73-0878) or cubic phase (a = b = ¢ = 3.9294, JCPDS 74-2488).
In contrast, no other secondary phase was detected, most notably the oxide Ta20s.
Although the particles are very small in size, the XRD peaks have high intensity/ high

crystallinity without any background signal of amorphous content.

The Adsorption/desorption isotherms and total pore volume are shown in Figure 4-87.

The two materials have drastically different SSA, where 14NaTaOs has 60.5 ng'1 and the
particle 26NaTaOs has 27.5 m? g1, which is less than half of the 14nm particle. The Total
pore volume corroborates the same results, 14NaTaO3 has 18 10-2 cm3 g1, and 26NaTa0s3

has 7 102 cm3 g1, Finally, the particle size as measured by the SSA is obtained, with
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14NaTaO03 having 12 nm dger and 26NaTaOs3 having more than double the size at 27 nm

dser. The total precursor concentration change from 0.6M to 0.1M, as observed, has a

tremendous change in the SSA and the size of the materials.
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Figure 4-86: XRD pattern of 14NaTaOsz and 26NaTaO03, inset: the crystal structure of the

cubic phase.
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Figure 4-87: Adsorption/desorption isotherms of (a) 14NaTaOsz and (b) 26 NaTaOs. Inset:

dV(r) vs pore radius plot.

The TEM images of the two particles are shown in Figure 4-88. The morphology of the

FSP-NaTaOs particles is quasi-spherical, forming soft agglomerates, Figure 4-88(a,b). The

spherical morphology is a general trend of flame-made materials as it is repeated with
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many different particles in this Ph.D. thesis and in general for FSP nanoparticle synthesis.
From the resolved TEM fringes for the two FSP-NaTaOs particles in Figure 4-88(bottom),
we discern interlattice distance of 3.95A in 14NaTaO3z and 4.05A in 26NaTa0s in agreement
with the spacings of {101} planes for the cubic phase NaTaO3 [319]. Thus it is concluded
that the FSP-NaTaOs particles have a Cubic structure, excluding the orthorhombic

structure.

./\"'J i ) .

) . .

Figure 4-88: HR-TEM images of (a) 14NaTaOs and (b) 26NaTaOs. (bottom) The lattice

fringes of each material.
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Figure 4-89: Size distribution of (a) 14NaTaO3 and (b) 26NaTaOs, obtained by multiple
TEM images.
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From multiple TEM images, the Size distribution as predicted by TEM is obtained,
Figure 4-89. The drem for the two FSP-NaTaOs3 particles are 14 nm for 14NaTaOs and 26

nm for 26NaTaOs, the results have a very high correlation with the calculated dser.
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Figure 4-90: H: evolution rates of 14NaTaOs and 26NaTaOs in a time interval of 3 hours,

by illumination of 250W Mercury lamp.

The two FSP-made NaTaOs particles were employed for the photocatalytic evaluation of
H2 production from H20, as shown in Figure 4-90. The overall efficiency of the particle is
1620 pmol H2 g'thl for the 14NaTaO3 and 645 pmol Hz gth! for the 26NaTaOs. It is
important to consider whether the increase of almost 3 times in hydrogen production
originates from a difference in SSA. Thus, with an SSA normalization according to the data
from Table 4-17 shows that the H2 production yield per SSA is 2.52 mmol g1h! for
14NaTaOs3 exceeds by far the Hz per SSA 1.36 mmol g-th-1 of 26NaTaOs. Thus the enhanced
photocatalytic performance of 14NaTaOs is not only attributed to simply an increase in

surface area.

4.6.3 EPR signals for photoinduced e-/h* by NaTaOs under N2
The photo-induced EPR spectrum is obtained by subtracting the EPR signal under
illumination from the EPR signal under normal conditions i.e. in the dark. The signal

obtained at 77K, under liquid nitrogen conditions for the 14NaTaOs, is shown in
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Figure 4-91(a). There is a clear signal in the center of 3400 Gauss with many smaller
lines, all these signals rapidly perish after switching off the light i.e. returning to dark
conditions and room temperature. Upon subsequent illumination under 77K, the EPR
signal is fully restored. The kinetics profile is obtained after further illumination
cycles and resetting at dark conditions, as shown in Figure 4-91(b).

In more detail, these EPR signals are assigned to photo-induced hole/electron
{h*/e} pairs in the NaTaOs nanoparticles structure, where the illuminated particles
are under N2 atmosphere, thus their disappearance at RT/dark should be attributed
mainly to {h*/e’} pair recombination, not to catalytic applications with the
environment or the structure itself. The experimental EPR spectra can be fully
simulated using four subspectra, with two spectra attributed to electron (el) and
(e2), and two spectra attributed to holes (h1) and (h2) as shown in Figure 4-91(c),
the precise g-tensors for the Spin-Hamiltonian are listed in Table 4-18.

The subspectra with the most percentage of the overall signal derive from the
(h1), with a calculated g-tensor of ghl=[2.028, 2.0050, 2.0018]. To compare the
results with other semiconductors, photoinduced holes for Ti02[299], ZrTiO4, and
Zn0 [437] are localized at the oxygen radical anion of the lattice h* = {M-0"-M},
detectable in EPR at the low-field region (g>ge) with a slight g-anisotropy. For this
reason, we assign the subspectra (h1) in NaTaOs to {Ta5*-0"~"-Ta>*} and the g-values
are determined by the spin-orbit coupling and local environment of the oxygen
radical-anion [438]. For crystal structures, the local environment of O™ is expected
to position at 2pz orbital that has higher energy than the 2px, 2py orbitals, thus the g-
values of the holes are determined by the energy difference of E(2pz) - E(2px,2py)
[439].

The second hole subspectra (h2), observed by the signal shoulder on the (h1) EPR
signal, with gh2-tensor [2.010, 2.0199, 2.0398]. The higher g-anisotropy of (h2) may
possibly indicate a more distorted local environment, this is attributed to the
exposure of surface atoms, while hole (h1) originates in the bulk of the NaTaOs

crystal structure.

Page | 241



(a) h1
= |tv)+hv@7R) FANCY
=
g
-
5 (iii) +Light off-10sec/RT
= ——,
&
® | (i) hv (77K)
o
o
(1T}
(i) Dark
2800 30‘00 SZbD 34‘00 SEbD 38‘00 4000
Magnetic Field (Gauss)
(b) Light ON (77K)
= | | = (h1)
2 2o (el)
o)
=
£
o
o
L
3
=
£
=
= \D
6 1 b 2‘0 3‘0 4‘0 5‘0 Sb TIO 8‘0
Time (sec)
(c) a.,=[2.0028, 2.0018, 2.005]
—_— Simulated
= Experimental
=
o [ {1 |
E 9.,=[1.999, 1,999, 1.997] Al Ta(wz2)]
-— (h1) /
™
=
2
w
E (e1) A
“ (e2)
(h2)
2800 30‘00 32b0 34‘00 36‘00 33‘00 4000

Magnetic Field (Gauss)

Figure 4-91: (a) EPR spectra of 14NaTaO3 under Nz atmosphere (i): dark, (ii):
under illumination at 77K, (iii): the previous signal of (ii) plus 10sec of dark/RT
conditions, (iv): previous signal of (iii) plus illumination at 77K. (b) Kinetics of holes
(h1) and electrons (el) in 14NaTaOs, derived from Illumination - dark/RT cycles. (C)
Experimental spectra of 14NaTaO3 under N2 atmosphere (black) and simulated (red)
EPR spectra holes=(h1), (h2) & electrons=(el), (e2).

Regarding the photo-generated electrons (el) and (e2), they can be localized on the
metal atom, giving rise to ERP fingerprints at the g<ge region [440]. EPR-detectable
paramagnetic centers in the perovskite NaTaOs structure can derive from Ta** centers with

a 5d1(S=1/2) configuration, as shown in Figure 4-91(c). Specifically, the two-electron
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subspectra are observed as follows: first, the (el) has a sharp signal peak defined by an
axial g-tensor ge1=[1.991, 1.991, 1.940]. Secondly, the (e2) has a broad riddle-like signal,
defined with the g-tensor g¢2=[1.997, 1.997, 1.999], Table 4-18.

Table 4-18: Spin Hamiltonian parameters of 14NaTaO3s under N2 or exposed to H:z0.

g-tensor A181Ta(I=7/2) Hyperfine

Ll b (bl (£0.002) Tensor (Gauss) (1)

S
(h1) {Ta5+ 0~-Ta5+} 2.005 2.018 2.028 - - -
(h2) {Ta5*- O -Ta5*- 0" H} 2.010 2019  2.037 . - -
(e1) Ta** (lattice electron) 1.940 1991 1.991 - - -

(e2) Ta** (lattice electron) 1.997 1997 1.999 71 71 214
I Ty
(h1) {Ta5+ O""-Ta5+} 2.005 2.018 2.022 - - -

(h2) {Ta5+- O -Ta*+- O* H} 2.013  2.022 2.039 - - -

(e1) Ta*+ (lattice electron) 1946 1993 1.993 - - -
(e2) Ta** (surface electron) 1933 1933 1.973 - - -
(e3) Ta#** (surface electron) 1930 1.960 1.960 - - -

81T (1=7/2) g=[1.999 1.999 1.997]

T T T T T T T T T
3000 3200 3400 3600 3500

Figure 4-92: Magnified EPR spectra of NaTaOs particles under N2 atmosphere showing
the simulated hyperfine splitting due to electron-181Ta coupling.
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The (e2) is assigned to an electron coupled with one 181Ta[[=7/2] nucleus (100% nat.
abundance). The A(181Ta[I=7/2]) tensor of e2 is strongly anisotropic, thus producing the
broad riddle-like signal i.e. distributing the resonance magnetic fields over 21+1 values for
each g-component, Figure 4-92. The g-tensor and A(181Ta[l=7/2]) for (e2) - (Ta**) in
14NaTaOs are in accordance with previously reported values for synthetic (-CsHs), Ta**Cl2
complexes [441]. In distorted tetrahedral symmetry, Ta** has a 5d! configuration, with the
unpaired electron residing in a [c1 dx?-y? + c2 dz%] molecular orbital, with mainly dx2-y?
character, and small dz? admixture, i.e. ci>>c2. The 5s and 6s configurations of Ta** are
expected to be negligible. The Aiso(181Ta[l=7/2])=119 Gauss is attributed mainly to
indirect spin-polarization effects by d-spins, thus the 119/5359~2% spin on a Ta-atom.

4.6.4 EPR signals for photoinduced e-/h* by NaTaOs under H20

After exposure to H20 or ambient humidity, the photogenerated EPR signals of
perovskite NaTaOs show altered and additional subspectra.

As it interacts with the H20, the nanoparticle produces an additional subspectra of (e3)
that will be identified later. To measure the EPR spectra of the NaTa03-H20 interaction
accurately, a saturation plot must be produced with the implementation of increased
microwave power through the decreased dB i.e. from 30 to 6 dB, Figure 4-93. From the
saturation plot, two significant results emerged. First, that the almost-saturation of the h2
signal indicates that the hole is trapped in an oxygen anion radical near the surface. Second,
Localised electrons (el) and (e2) exhibit more intense spin-lattice interactions compared
to, as we will determine later, delocalized surface electrons (e3).

As the appropriate microwave power was determined, the two materials were exposed
to H20, obtaining the Light-minus-dark EPR spectra and the kinetics of the EPR signals
under light/dark-RT cycles, as shown in Figure 4-94. Despite the similarity in the kinetics
of holes and electrons, the signals assigned to the hole display a slower decrease, indicating

that a portion of the photo-excited electrons is scavenged by atmospheric oxygen.
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Figure 4-93: (a) Light-minus-dark EPR spectra of 14NaTaOs exposed to H:0, varying
microwave power from 6 to 30 dB. (b) Saturation plot of 14NaTaOs for the subspectra (h1),

(h2), (e1), (e2), and (e3).

The spectra are analyzed to 5 different subspectra, with two holes (h1) and (h2), and
three different electrons (el),(e2), and (e3), as shown in Figure 4-95. The final resolved g-
tensors are listed in Table 4-18(exposed to H20).

For the (h1) subspectra, the tensors gh! are rather comparable for both cases i.e. under
N2 or H20. Althgouht the (h2) tensors exposed to H20, gh? for 14NaTa03(H20), shows small,
but perceivable alterations compared to (h2) holes of 14NaTaO3(Nz). Considering that gh2is
attributed to the 14NaTaOs3 surface, the differences in the tensors are reflected in the effect
of H20 adsorbed on the surface. The intensity yield of (h2) in Figure 4-94 is higher than in
Figure 4-91, thus (h2)-states are promoted by the presence of H20, again showing surface-
related changes. Altogether, we suggest that these differences between (h2) and (h1)
spectra are attributed to (h1) that are trapped inside the lattice, while (h2) are exposed
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near the surface. An analogous occurrence happens in TiO2, where two hole configurations
can be resolved by EPR, first the {Ti**- O'"-Ti**}, and secondly the {Ti**- O -Ti**- O- H},

depending on the state of surface-occupation by H20 [299]. By all the experiments findings
and the bibliography based on the much better explored TiO2, we suggest that:

Bulk Holes (h1) = {Ta5*- O'"-Ta5*}

Surface Holes (h2) = {Ta5*- O -Ta>*- O- H}
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Figure 4-94: The particle 14NaTaOs exposed to H:0: (a) Light-minus-dark EPR spectra,
and (b) kinetics of the EPR signals under light/dark-RT cycles. The particle 26 NaTaOs exposed
to H:0: (c) Light-minus-dark EPR spectra varying irradiance conditions, and (d) kinetics of
the EPR signals under light/dark-RT cycles.

Page | 246



(@) —smuaee o' =[2022.2018.2.005] 1 | ()[e = 11993 1.993 1.946] e
_ Expermental 4122 13 039 2,022, 2.013] — | T 1 lg7=[1.9731.9331.933]

< 5

= o

g s g™ = [1.960 1.960 1.930]

s = T T

E 1]

c 5 (e1)
o |(h) P

< o

& i (62
W |(h2) -

(e3)
2900 I SOIDO I 31|00 ‘ 32|00 I 33|00 I 34|00 3400 I 35|00 ‘ 36|00 ‘ 3?|00 ‘ 38|00 ‘ 3900
Magnetic Field (Gauss) Magnetic Field (Gauss)

Figure 4-95: Exposed to H:0 the particle 14NaTaOs: (a) (black) Experimental, (red)
simulated EPR spectra of holes=(h1), (h2). (b) (black) Experimental, (red) simulated EPR
signals of electrons=(el), (e2), and (e3), under degassed conditions plus 2-propanol as a hole

scavenger.

As further experiments to prove that conclusion, the 14NaTaO3 material had an
addition of 2-propanol to the H20. The 2-propanol can act as a hole scavenger, where it is
used to enhance the photocatalytic activities, much like methanol in the present Ph.D.
photocatalytic experiment for hydrogen production. The 2-propanol diminishes the (h1)
and (h2) subspectra, as shown in Figure 4-96. These results further confirm the spectra
assignments to photoinduced holes.

As for the electron spectra, In Figure 4-95(b), the presence of 2-propanol promotes the
intensity of the Ta**-electron EPR signals. Two types of electrons subspectra are well
determined (el) and (e2), with the tensors mentioned in Table 4-18(exposed to H20). The
sharp signal peaks of (el) indicate that it is probably localized inside the 14NaTaOs lattice,
analogous to lattice Ti3*-electrons in Anatase TiO2 [314]. As for the subspectra (e2), with
axial tensor g¢2=[1.933, 1.933, 1,973] along with the broad g-component, dominates the
EPR spectrum of 14NaTa03(H:20), even with a lack of 2-propanol, Figure 4-94. The strong
broadening of the g-component indicates significant heterogeneity in the local

environment of these (e2) (Ta**) centers in the material 14NaTaO3(H20).
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An additional third subspectra was observed, with a broad component (e3), and as well
as the subspectra of (e2) and (e3) can be attributed to trapped Ta** electrons close to the
surface of 14NaTaOs, in accordance to the well-known surface Ti3* species in TiO.
Noticeably, strong 181Ta-hyperfine coupling, as resolved in 14NaTaO3(Nz), is not noted in
the case of 14NaTa03(H20).

From the electron kinetics in Figure 4-96(b), when the illumination stops, the narrow
signal (red line) displays a rapid decrease, assigned to an electron localized in the interior
of the NaTaOs crystal. In contrast, the slow decrease of the broader signal (green line)

indicates the existence of delocalized electrons in the particle surface.

LIGHT OFF 5sec
B e o T

LIGHT OFF 60sec

HGHIOFE30MSC e

LIGHT OFF 20sec

—
Q
—

LIGHT OFF 10sec

LIGHT ON
LIGHT OFF 20sec

e eesne i et st N TN ot e
LIGHT OFF 10sec

weWreN N

2800 SOIOO 32‘00 34|00 SSIOO 38‘00 4000
Magnetic Field (Gauss)
Light ON Light ON Light ON
1 1 1 —e—eil
1 I —a—e2
: —o—e3

EPR Signal (arb.un.)

—
EPR Intensity (arb.un.) 2.

1
1
1
1
1
!

[

20 4‘0 SIO Bb 100
Time (sec)

Figure 4-96: (a) Light-minus-dark EPR spectra of 14NaTaOs exposed to Hz0, with the
addition of isopropanol as a hole scavenger varying time in RT after illumination. (b)

Correlation plots of electron kinetics derived by the EPR signals.

4.6.5 NaTaOs Size effect on EPR signal
Size-effect: When the size of the NaTaOs particles was increased from 14nm to
26nm, the yield of photoinduced {h*/e} EPR spectra at 77K was significantly lower.

For the photoinduced electron/hole pairs under H20-exposed particles, as shown in
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Figure 4-97. In further detail, for the increased size 26nm NaTaOs particle, the
subspectra (e2)-type electrons are resolved, while the (h1) and (h2) holes display
much diminished intensity. Overall, decreasing the particle size is an efficient route to
mitigate the carrier separation in the perovskite NaTaOs crystal. By correlating the
EPR findings with Hz production, the decrease in size shows additional enhanced

photocatalytic efficiency.

— 14NaTaOo,
—— 26NaTaO,

26

EPR Signal (arb.un.)

T T T T T T T T T T T
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Figure 4-97: Under exposed H20 - particle conditions, the Light-minus-dark EPR spectra
for: (i) the 14NaTaOs particle, (ii) the 26 NaTaOs particle.

4.6.6 Conclusions for EPR photoinduced e-/h* by NaTaOs Size effect

[a] The fundamentally smallest size of 14nm NaTaOgz particles reveals a detailed EPR
landscape concerning the electronic configuration and kinetics of photoinduced electron/hole
pairs.

[b] The EPR spectra under N2 conditions and under H>O conditions were determined with
five separate subspectra, two subspectra attributed to holes= (hl) and (h2), two subspectra
attributed to electrons=(e1), (e2) and (e3). Detailing the specific tensors of each subspectra.

[c] With the implementation of Isopropanol as a hole scavenger in the H.O conditions
provided further evidence to consider the (h1) and (h2) subspectra as that produced from holes in
the bulk of the material and at the surface of the material, respectively.
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[d] Increased Perovskite NaTaOs particle size from 14nm to 26nm diminishes the yield of
stable photo-excited {h+/e-} pairs significantly due to rapid recombination events. This claim is
further supported by the photocatalytic H> production, with an approximately 2.5 times higher
production from 14nm compared to 26nm.

The reason that such detailed EPR spectra concerning photoinduced electron/hole subspectra
derives from the FSP produced small size of 14nm, thus other studies could not have detection of
photoinduced carriers successfully by EPR. Furthermore, the direct detection and comprehension
of the photoactive species in NaTaOs can lead to a fundamental understanding of their promising
contribution to challenging photocatalytic reactions. The results are in immediate correlation to

the photocatalytic experiments in section 4.7 of the Ph.D.

4.7 Taz0sand NaTaO3/NiO Heterojunctions DN-FSP for Solar-to-H; Conversion

4.7.1 Aims of Ta20s5 and NaTa03/NiO Heterojunctions

Our key research objects for the following publication of the perovskite NaTaO3/NiO
Heterojunctions. [a] To exploit flame spray pyrolysis (FSP) technology to establish a
methodology for scalable, high crystallinity, controlling the size, and ultimately create the
smallest nanoparticles in the bibliography (under 25nm) for the perovskite phase NaTaOs.
[b] To understand the thermodynamics/limitations of NaTaOs-nanosize control in flame
synthesis. [c] To perform for the materials Ta2z0s and NaTaO3 one-step deposition of co-
catalysts NiO and Platinum, utilizing the Single and Double Nozzle FSP method, since
{NaTaO3/NiO} heterojunctions have shown great promise as photocatalysts [90]. [d] To
utilize the nanosize and high crystallinity [130] for highly active hydrogen production from
H20. [e] Finally, to correlate the hydrogen production with the photoinduced radical

generation detectable via EPR spectroscopy.

The results from the research have been published in our work for the Journal of ACS

Applied Nanomaterials [442], with the graphical abstract shown in Figure 4-98.
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Figure 4-98: The graphical abstract of Nanosized NaTaOs/NiO heterojunction from
Double Nozzle FSP, producing the smallest size compared to the bibliography at the most

time-efficient synthesis method.

4.7.2 FSP synthesis of Ta20s5 and NaTaOs for phase and size control

The Single-Nozzle FSP (SN-FSP) and Double-Nozzle-FSP (DN-FSP) are reminded in
correlation to the resulting materials for this research in Figure 4-99. The heterostructure
of Taz05/NiO and NaTa03/NiO was synthesized with both SN-FSP and DN-FSP. In the case
of SN-FSP, the precursor of the atoms Na-Ta-Ni was deposited in a single nozzle, while in
the case of DN-FSP, one nozzle contained the precursor of the Na-Ta atoms, the second
nozzle contained only the Ni atoms. The advantage of the DN-FSP is ensuring that fully
grown NiO particles will be deposited on the surface of fully grown Ta20s or NaTaOs3
nanoparticles. In the case of SN-FSP, while a high percentage will be on the surface, there is
also a high probability of NiO or Ni atoms being found inside the nanoparticle crystal
structure. In both cases of SN-FSP and DN-FSP, the deposition of the cocatalysts is done in

one-step.
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Figure 4-99: The FSP technology set-up employed for one-step synthesis of
heterostructures Taz05/NiO and NaTaO3/NiO: (A) Single-Nozzle FSP reactor, depicting the
formation steps of combustion, nucleation, and agglomeration of the nanoparticles. (B)
Double-Nozzle FSP (DN-FSP) reactor, left nozzle for NaTaOs right nozzle for NiO. (C)
Schematics of the deposition process of SN-FSP and DN-FSP. (D) The adjustable geometry
parameters for the two nozzles in DN-FSP.

FSP synthesis Parameters: The stock solutions contained anhydrous Tantalum(V)
chloride (99.9%-Ta, STREM) for the Ta20s, while for the NaTaOs also was added sodium 2-
ethylhexanoate (98%, TCI). For the cocatalytic particles, NiO or Pt0 that were deposited on
the tantalum particle surface, Nickel(II) 2-ethylhexanoate (78% in 2-ethyl hexanoic acid,
STREM) and Platinum(II) acetylacetonate (98%, STREM) were used. For the Single-Nozzle
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FSP synthesis, the stock solution of Tantalum-Sodium was dispersed in ethanol (99%,

Emsure), along with the cocatalytic NiO or Pt0.

After a screening of different precursor flow rates, oxygen dispersion flow rates, and
precursor concentrations that will be thoroughly explored afterward, the flow rates for the
final particles comprised of a dispersion oxygen flow rate of 5 L min-! (Linde 99.999%) and
precursor flow rate of 5 mL min-1. The initial flame was ignited by premixed O2 and CH4 (2
L minl, 1 L min1). The nanomaterials were stored in glass vials under an inert Argon
atmosphere. There were two concentrations applied for the final particles. Two
concentrations for Tantalum were implemented, a High and a Low concentration: 0.3M
TaCls and 1.8M CsH1sNaO:z for high molar concentration, 0.05M TaCls and 0.3M CsHisNaOz2
for low molar concentration.

Pratsinis et al. [443] has produced high crystallinity Ta20s by applying the FSP
technology, although employed for Tantalum precursor the Tantalum(V) n-butoxide
(99.99%-Ta, STREM), as the following work is based on the industrial production of the
smallest NaTaOs, the precursor was changed to Tantalum(V) chloride (99.9%-Ta, STREM)
as an economical factor, that decreases the precursor cost seven times, and the overall
production cost five times, although the TaCls requires a filtration step detailed below. The
complete cost of the FSP method is shown in Table 4-19. The solvent and Na-Ta
precursors are bought on a laboratory scale, thus industrial production will lower the
overall cost significantly, as observed the most significant cost is the Tantalum precursor,
this is the reason for the five times reduction, with the second highest being the Sodium

precursor.

Table 4-19: The complete cost calculation for the production of 1gr of NaTaOs particles,

including precursor, solvent, and gas costs of the FSP method.

e ) Sodium 2- Tantalum(V) n-

Raw ethanol chloride anhvdrous  Ethylhexanoate(  butoxide (99.99+%- Gas
materials for (99.9% -Ta)yC e 98% Na) Ta) PURATREM expenses
expenses  analysis 7721:01_9 (STREM) CAS:19766-89-3 CAS:51094-78-1 (CH,+0,))

Volume
volume(L) 2.5 gr 50 250 25 L 7

Page | 253



Price Price

Price(€) 50 € 154 67 382 € 0.12
1gryield Gas
NaTaO, Tantalum chloride Sodium Tantalum(V) n- expenses
From (.).6M il 0.3M (gr) 1.8M (gr) butoxide 0.3M (gr) (CH4 +02)
solution
Vol Vol
oume 30 gr 3.228 9.159 492 oume 4
(mL) (L)
Pri Pri
Price(€) 0.6 (r;e 9.9 2.45 75 (r;e 0.72
NaTaO, From NaTaO, From NaTao0,
Ta chloride Ta n-butoxide
price
14 77 1gr
(€)

Based on systematic screening, we found that an excess of Na-precursor over Ta
should be used in the precursor solution. The excess of Sodium atoms interacted with the
Chlorine atoms from the tantalum stock solution TaCls, thus 5 out of 6 sodium atoms were
consumed creating NaCl, and the remaining 1 out of 6 sodium atoms had 1: 1 concentration
with the Tantalum atoms. We applied centrifugation twice to remove the NaCl, removing
the salt each time before the FSP synthesis procedure. NaCl removal is truly a crucial step,
as the produced nanoparticles otherwise are drastically different, as seen in Figure 4-100.
XRD clearly detects the distinct peaks of crystallized NaCl at ~31 and 46 degrees, when the
particles were washed with water for the purpose of removing the NaCl, the resulting
particles were calcinated for 2 hours under an ambient atmosphere at 600 °C, normally
sufficient for the NaTaOs3 phases for FSP-synthesis particles, the resulting material had very
low crystallinity and high amounts of amorphous content, in comparison with particles that

only underwent filtration of NaCl and FSP synthesis.
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Figure 4-100: XRD graph for the effect of Na(l filtration step on the NaTaOs particle

composition: non-filtrated Na-precursor indicates the formation of NaCl crystals (blue-line).

After post-FSP washing and calcination at 600°C for 2 hours produce, low-crystallinity/mixed
phase particles (red line) compared to filtered Na-precursor with pure-phase NaTaOs (NTDL).

Analysis of the particle phase-composition from the XRD data, in the following work,
only two different phases are observed, Taz0s orthorhombic phase, a =3.86 A, b =3.87 4, c
=13.39 A (JCPDS card no. 25-0922), diffraction peaks at 22.8°, 28.3°, 36.7°, 46.7°, and 55.5°
that are indexed to the (001), (110), (111), (002), and (021) Miller planes. The perovskite
NaTaOs peaks correspond to its cubic phase, a =b = ¢ = 3.9294 (JCPDS card no. 74-2488),
diffraction peaks at 22.6°, 32.4°, 46.4°, 52.3°, 57.7° with (100), (110), (200), (210), and
(211) Miller planes.

Properly controlling the particle's phase/crystallinity and particle size requires two
parameters of the FSP synthesis. First, it is thermodynamically controlled by the flame-
temperature profile and the flame's high-temperature residence time (HTRT) [169-171].
Hotter flames and longer HTRT tend to produce larger nanosized particles [175]. Secondly,
the overall combustion enthalpy density Ach per unit (k] g-1) is determined by the specific
combustion enthalpy Achi of each reactant-i. The index i refers to all compounds

participating in the combustion, including the precursors (controlled by the precursor
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concentration, solvent, and gases (controlled by the precursor and Oz dispersion flow
rates) [185]. The enthalpy used to better determine the NaTaO3s particle size is attributed
to the enthalpy AcH (k] mol g-1) calculated per mol of Na and Ta atoms present at any given

moment in the combustion process.

—— Quartz 20cm, 0.1M NTSH

—_— Quartz 10cm, 0.15M
= Quartz 10cm, 0.3M

L)

‘0

c

Q

]

£

10 20 70 80

30 40 50 _ 60
20 (degree)
Figure 4-101: XRD graph showing the effect of the enclosing Quartz tube length on the

phase purity of NaTaOs. The longer Q-tube of 20cm allows NaTaOs particles of high
crystallinity and purity to be synthesized.

Quartz Tube: An enclosing quartz tube encircled the flame is applied to control these
parameters. In the FSP process, the enclosing tube retains the flame’s high-temperature
profile, throughout its cylindrical volume [169-171], with longer tubes allowing longer
high-temperature residence times. Furthermore, more extended tube height allows
perovskite-phase stabilization. Without any enclosing quartz tube, the HTRT was very low
to be able to produce the higher energy-demanding phase of NaTaOs, only producing the
phase Ta20s. Additionally, two different quartz tubes were experimented with 10cm and
20cm height, as shown in Figure 4-101. In the case of the 10cm enclosing tube, the HTRT
was lower than required, although a high percentage was observed to be NaTaOs3, resulting
in a mixed-phase NaTa03/Ta20s particles, while the 20cm tube allowed the total 100%

NaTaOs phase. Thus, longer tubes allow longer high-temperature residence times, as the
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NaTaOs phase requires higher-temperatures, the longer tube favors the perovskite-phase
stabilization. From these experiments, all the selected particles from here on out were
produced with a quartz tube of 20 cm in height.

In addition, the metal Na-Ta precursor concentration changes the combustion
enthalpy as shown briefly from the 10cm tube 0.3M and 0.15M concentration, where lower
precursor concentration that changes the AcH, clearly has a much higher phase percentage
of Ta20s in comparison to the desirable NaTaOs. Another way to influence the combustion
enthalpy AcH is through the precursor flow rate and the oxygen dispersion rate. As a

variable to change the particle size [175].
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Figure 4-102: XRD data compiling the effect of P/D-ratio on the particle phase and size.
All other FSP parameters were the same as mentioned. (A) Taz0s phase with Low precursor
concentration. (B) NaTaOs phase with Low precursor concentration. (C) NaTaOs with High

concentration.

Flow rate (P/D): The flow rate of liquid precursor coded as (P) and the flow rate of
dispersion-02 gas coded as (D) produce the combined parameters of Flow rate (P/D),

which is a crucial parameter determining the nanocrystal formation process [169-171].
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Figure 4-102 is a complete exploration of the two parameters, P/D flow rates of 3/9, 5/5,
and 9/3, with two different concentrations of Tantalum/Sodium precursor, codenamed: L
that stands for Low-metal precursor at [Ta]=0.05M, while H that stands for High-metal
precursor at [Ta]=0.3M, those Low and High concentrations will be applied to the final
selected materials.

Materials without Ni atoms: The materials were codenamed as follows: “Na-Ta-
O_L/H” where L/H stands for Low/High metal-precursor concentration, respectively.

A total of nine materials were measured with BET, producing the SSA (mZ2g1) and
nanoparticle size derived from BET (dser), as shown in Figure 4-103(A). From the data
obtained from Figure 4-102, the analysis of Ta,0./NaTaO; Phase percentage was
measured in Figure 4-103(B) for the P/D ratios 3/9, 5/5, and 9/3 under Low [Ta]
concentration for the particle NaTaO3 (Na-Ta-O_L), including the nanoparticle size derived

from XRD (dxrp), all the data are presented in Table 4-20.

(A) . (B
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Figure 4-103: (A) BET and dBET graph for the P/D ratios 3/9, 5/5, and 9/3 under High
and Low [Ta] concentrations. (B) The percentage of NaTaOs phase formed by FSP under P/D
ratios 3/9, 5/5, and 9/3 for Low [Ta] concentration (Na-Ta-O_L).
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Table 4-20: Structural Characteristics of Taz0s and NaTaOs nanoparticles, as a function of

the P/D ratio from 3/9 to 9/3 and [Ta/Na] concentrations.

[Ta/Na] % Phase Crystallite Size (nm)
P/D Material Concentration (x 5%) (£0.5) B

(mM) Ta,0, NaTaO, (£0.5)

3/9 Ta-0_L 50/0 100 0 3.7 15 197.2
5/5 Ta-0_L 50/0 100 0 5.0 17 146.2
9/3 Ta-O_L 50/0 100 0 10.9 20 67.0
3/9 Na-Ta-O_L 50/50 100 0 8.7 16 96.2
5/5 Na-Ta-O_L 50/50 14 86 10.0 23 84.2
9/3 Na-Ta-O_L 50/50 0 100 18.0 26 46.6
3/9 Na-Ta-O_H 300/300 0 100 10.0 28 84.1
5/5 Na-Ta-O_H 300/300 0 100 11.3 32 74.7
9/3 Na-Ta-O_H 300/300 0 100 22.8 34 36.9

To determine the final effect on P/D over the structures Ta20s and NaTaOs3, and in
order to be simpler for the reader, the most important XRD data are shown in Figure
4-104. Under Low concentration, Ta-only particles (Ta-O_L), the Ta20s phase is formed,
while in the Na-containing particles {Na-Ta-O_L}, mixtures of Ta20s and NaTaOs
nanophases are formed. As can be clearly seen, P/D has a profound effect on the phase
composition as well as the crystallinity. At P/D=9/3, the NaTaO3s perovskite is formed at
100% and high crystallinity, while at lower P/D=3/9, Na is incorporated in the nanolattice
fails since only Ta20s tends to form. Process-wise, an increase in P involves an increase in
solvent feed-flow in the flame, thus increasing combustion enthalpy AcH [185]. Thus, the
promotive effect of increased P/D indicates that the high-enthalpy FSP process favors the
formation of the perovskite nanophase NaTaOs3 due to increased Ethanol-solvent

combustion. This issue is discussed quantitatively hereafter.
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Figure 4-104: XRD of Ta-based nanomaterials produced by FSP for various P/D ratios
3/9, 5/5, and 9/3. The index “L” stands for low concertation [Ta] of 50mM, Ta-O only has
Tantalum precursor, while Na-Ta-0O has Tantalum and Sodium Precursors. Insert: unit-cell

structures for Taz0s and NaTaOs crystals.

Precursor concentration: In our pursuit of producing small NaTa0s3, we have screened
a wide range of Ta/Na precursor concentrations under steady P/D=5/5, the XRD data in
Figure 4-105. The result shows that as observed previously that increased Na/Ta
concentrations promote the formation of pure NaTaOs crystals. Deducing the [Ta]
concentration further from 0.05M to 0.025M (total concentration 0.05M) further increases
the phase percentage of Ta20s compared to NaTa0s. While reducing the [Ta] concentration
to only 0.067M for the production of Ta20s only decreases the crystallinity degree but still
produces a high degree of purity.

The dxrp and dssa for the production of the phase NaTaOs for the total concentration
from 1M to 0.05M, while for Ta20s with concentrations of 1.2M to 0.067M are shown in
Figure 4-106. As a general trend, dser and dxrp are well-correlated, although a small but
discernible difference indicates that there is a size distribution, not a single particle size.
The largest NaTaOs particles determine the XRD peaks, thus the obtained dxrp value is the
upper-size limit of the FSP-produced particles (dxrp(m2¥)). On the other hand, smaller
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particles contribute to higher SSA and influence the dger, thus dser represents the average

particle size.
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Figure 4-105: XRD of Ta-based nanomaterials produced by FSP for various Ta/Na-

precursor concentrations for the same P/D=5/5.

NaTaOs particle size can be decreased only at [Ta/Na] concentrations below 300mM,
dropping from an average of 30nm to the least size of around 20nm. At [Ta]>300mM, while
the total size increased with higher concentrations, the change is relatively small, with a
quasi-steady particle size near 30nm always obtained. In the case of Ta20s, while the
maximum size dictated from dxrp(™2x) does not alternate much from 15nm, the average size
dictated by dser has a tremendous chance in comparison to the concentration dropping

from 25nm to only 6nm.

Table 4-20 lists the complete FSP materials synthesized by P/D. Accordingly, the
smallest mostly pure NaTaOs particles obtained by our FSP setup were the {5/5 Na-Ta-
O_L}, with FSP parameters of P/D=5/5, [Ta]=50mM, producing a particle with average
der=10nm, dxrp(m2¥)=23nm, and SSA=84.2 m2/gr. As for the Taz0s, which was not bound by
impurity constraints, the smallest particle was {3/9 Ta-O_L}, with average dser=3.7nm,

dxrp(Ma¥)=15nm, and SSA=197.2 m2/gr.
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Figure 4-106: Particle size diameters determined by XRD (left Y-axis) and BET (right Y-
axis) for Ta-based nanomaterials produced by FSP for P/D=5/5. (A) For various Ta/Na-

precursor concentrations. (B) For various Ta- precursor concentrations.

From the FSP parameters of Precursor/O: dispersion flow rate, and the precursor
concentration to control the phase/size of the nanoparticles, we underline that:

[i] The formation of NaTaOs particles is in competition with the phase Taz0s.

[ii] Achieving high crystallinity requires high combustion enthalpy and long high-
temperature residence times.

[iii] This is accomplished from 5/5 P/D to ensure the NaTaO3s phase, while low Ta/Na
concentration decreases the size.

Interestingly, an apparent lower NaTaOs-size limit near 10 nm cannot be further
decreased, resulting in creating the Taz0s phase instead. The size limit reveals that in the
FSP process, a critical local concentration of Ta and Na is necessary to allow concomitant

insertion of the Na and the Ta atoms in the formed oxide lattice.
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Finally, through Scanning-TEM data, images presented for 5/5 Na-Ta-O_H material
in Figure 4-107 show the morphology of spherical NaTaOs particles, with a homogeneous
disposition of the Na, Ta, O atoms within the NaTaOs. Thus, the STEM data are in agreement
with XRD, verifying the formation of pure NaTaOs phase, further confirming the lack of
Inm or smaller particles that can’t be detected from XRD, showing any secondary
heterophase i.e. Ta-oxide or Na-oxide. Overall, we demonstrated that FSP technology could
be applied for the synthesis of NaTaOs perovskite phase of high purity and crystallinity, as
the XRD and STEM data show, by correctly controlling the HTRT and AcH by [i] high [P/D]
and [ii] high [Ta/Na] concentrations.

Figure 4-107: Scanning-TEM images with Na, Ta, O atom mapping for material 5/5 Na-
Ta-0O_H.

4.7.3 Double Nozzle FSP for selected Ta20s and NaTa03/NiO nanoparticles
Double-Nozzle FSP: In the DN-FSP setup, Figure 4-99, two enclosed nozzles were

positioned asymmetrically, the first nozzle containing the Na/Ta precursor with ethanol as
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solvent, the second nozzle contained Ni-precursor with xylene as solvent. The xylene was
applied in order to give a much higher combustion enthalpy in comparison with the
ethanol since we required well-formed NiO particles. Both nozzles were set at a precursor
flow rate of 5 ml min 1. After several screening experiments, the nozzle angles were
adjusted at a1=30° and a2=15° respectively, and the internozzle distance was fixed at
x=11cm. For the first nozzle (Na-Ta), there was a no-gap between the nozzle and quartz
tube, and the second nozzle (Ni) had a gap of 1cm in order to have a higher airflow to
combine more smoothly with the NaTaOs particles. The vertical intersection distance above
the nozzle level of the formed NaTaOs and NiO particles was b=20 and b=24cm,
respectively.

To compare the FSP NiO deposition method with more standard deposition
methods, an equivalent FSP synthesized NaTaO3 had wet impregnation NiO deposition. The
wet impregnation proceeded as thus, Nickel nitrate hexahydrate (Sigma Aldrich >99%)
was dissolved in Milli-Q water, and FSP-made low-concentration NaTaOs particles were
added to the solution in proper amounts for the desired 0.5% wt NiO loading. After the wet
impregnation, the sample was dried overnight at 100°C, the dried powder was then
calcined to 400 °C at 5 °C min-! and held for 3 hours under air. The resulting material will be
later compared in the photocatalysis section.

Effect of FSP-Combustion Enthalpy on the NaTaOs3 perovskite nanophase: From
the FSP synthesis of the NaTaOs section, for the selected materials certain FSP parameters
remained constant, [i] the Quartz tube was set at 20cm height, as longer tubes provide
longer high-temperature residence times enough for the Ta20s phase to change to NaTaOs.
[ii] Precursor/Dispersion flow rate for 5/5, as lower rates i.e. 3/9 produced Taz0s particles,
and higher rates i.e. 9/3 produced high crystalline NaTaOs, but the particles had much
higher size/ lower SSA. [iii] Precursor concentration, from a threshold of Total
concentrations 0.05M and below, a percentage of Taz0s was produced, thus for a low
concentration of the final materials the total concentration of 0.1M will be used, as higher
concentrations produce much larger sizes of NaTaOs, although in order to compare the size
parameter in photocatalysis a high total concentration of 0.6M will be used as well.

All the parameters contribute to the high-temperature-residence-time and the

combustion enthalpy and have a determinant effect on the formation of the desired small
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NaTaOs perovskite particles, as the formation of NaTa03 perovskite nanocrystal is more
challenging than e.g. Ta20s, where the particle formation occurs within the HTRT at a short

timescale (milliseconds) [175].

Selected Na-Ta particles/ Nio Heterostructures for photocatalysis: As mentioned,
two alternative FSP setups were applied for the Heterostructures of NiO particles and
NaTaOs3 nanoparticles. [i] Single-Nozzle FSP (SN-FSP), where the Ta- and Ni- atoms are
introduced in the same flame Nozzle. [ii] Double-Nozzle FSP (DN-FSP), where the Ta- and
Ni- atoms are introduced in the separate flame Nozzles.

The NiO-containing Heterojunctions had code names for simplification purposes:
“TDL” where T stands for Taz0s, D for Double-Nozzle, and ‘L’ for low-metal concentration.
Additionally, “NTSL” and “NTSH” where NT stands for NaTa0s, “NTDL” where S stands for
Single-Nozzle FSP process, and ‘H’ for high-metal concentration.

We have calculated the combustion enthalpy density [185] for the FSP synthesis for
the four selected Ta-materials, TDL(Taz20s) and NTSH, NTSL, NTDL(NaTa0Os). As the
concentration has a fundamental role, the lowest combustion enthalpy belongs to Ta20s,
TDL had AcH =-0.52 kJmol g!. For the NaTaOs particles, two different combustion
enthalpies were found, with the fundamental concentration parameters, as NTSL and NTDL
had the same low total concentration of 0.1M the resulted combustion enthalpy had the
same estimated enthalpy of AcH =-1.04 kjmol g1, while the NTSH with high total
concentration of 0.6M had AcH=-6.92 kJmol g-1. The significant increase in AcH in NTSH is of
key importance for the perovskite-phase NaTaOs formation and size.

For simplification reasons, the four materials with the fundamental different
parameters are shown in Figure 4-108, while the full properties of the materials: FSP

parameters, phases, sizes, SSA, and band gap are shown in Table 4-21.
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Na PN

Figure 4-108: Scheme of FSP set-ups for each nanomaterial. The combustion-enthalpy

values (AcH) are shown for each process to emphasize the direct correlation with the NaTaOs

particle size.

Table 4-21: Structural Characteristics of FSP-made, NiO-containing, Taz0s, and NaTaO3
particles produced with a P/D=5/5.
Ta/Na

NiO- Phase Crystallite Size (nm)
Material | deposition Concente (Ta20s/

Pore
Volume

method NaTaO3) drem dxeo  dger (cm3g1)

Double-Nozzle

TDL 50/0 100/0 9.6+0.2 18 22 34.0 8.8102 4.2
(0.5% NiO)
Single-Nozzle
NTSH 300/300 0/100 19.1+0.6 33 43 19.4 41102 4.28
(0.5% NiO)
Single-Nozzle
NTSL 50/50 20/80 14.1+0.6 25 30 28.1 8.9102 4.2
(0.5% NiO)
Double-Nozzle
NTDL 50/50 6/94 12.3+0.3 21 23 37.3 11.610-2 4.2
(0.5% NiO)
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For the FSP synthesized selected for materials TDL (Ta20s), NTSL, NTSH, and NTDL
(NaTaOs3) the Powder X-ray diffraction (XRD) patterns are shown in Figure 4-109. The
characteristic peaks of the Ta20s orthorhombic phase (JCPDS card no. 25-0922) and the
perovskite NaTaOs3 (JCPDS card no. 74-2488) are shown at the bottom of the graph. For all
four selected materials, highly crystalline nanophases were acquired. For TDL, all the
diffraction peaks can be indexed as Ta20s orthorhombic phase, while in NTSH, NTSL, and
NTDL correspond mainly to NaTaOs cubic phase. A small percentage of Ta20s was observed
for NTSL and NTDL due to prioritizing the size and bringing the FSP parameters to the

precipice of NaTaOs formation.
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Figure 4-109: XRD patterns for TDL (Taz05) and NTSL, NTSH, NTDL (NaTaO3s)
nanomaterials. The reference XRD peaks of orthorhombic Taz0s5 (black) and cubic-NaTaOs3

(purple) are displayed at the bottom. Insets: unit-cell structures of the two phases

To detect the deposition of NiO particles from the SN and DN FSP, HRTEM EDX has been
applied, as seen in Figure 4-110(A). The NiO particles signal was detected for the small
NiO 2-4nm particles as seen in the STEM images, as seen from the green circles on the
STEM pictures, Figure 4-110(B-E). Overall, all four particles have very clearly sub 5-nm

NiO particles on the surface of the nanoparticles. XRD wasn'’t sufficient in detecting these
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small nanoparticles, as the small size and the very low percentage of NiO particles

prohibited their detection.

Figure 4-110: (A) EDX data, focusing on the NiO, the encircled part of the TEM images
below. HRTEM analysis for NiO oxide allocation on the particles (B) TDL, (C) NTSL, (D) NTSH,
and (E) NTDL. The data verify the fine dispersion of 2-3nm NiO particles.

From Figure 4-109, from the Shcerrer equation, the Crystallite Size dxrp of the four
selected materials TDL, NTSH, NTSL, and NTDL was calculated to be 18, 33, 25, and 21 nm,
respectively. The N2 adsorption-desorption isotherms of the four materials produced the
SSA 34.0, 19.4, 28.1, and 37.3 (m32g1) SSA, respectively, as shown in Figure 4-111,
calculating the size of the particles through dseras 22, 43, 30, and 23 nm respectively. From
dxrp and dser a clear correlation exists, with TDL being the smallest, which is expected from
the simple oxide, interestingly NTDL is only a few nanometers bigger, and the reduction of
total enthalpy through the change of precursor concentration has a significant role,

reducing the size by almost a half and doubling the surface area. The same trend is seen in
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the pore volume, Figure 4-112, for the materials TDL, NTSH, NTSL, and NTDL obtained as
8.810%2,4.11028.910%2 11.6 10-2(cm3g1) Pore Volume, respectively.
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Figure 4-111: N: adsorption-desorption isotherms of (A) TDL, (B) NTSL, (C) NTSH, and
(D) NTDL materials.
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Figure 4-112: Pore size distribution plot using the BJH method of (A) TDL, (B) NTSL, (C)
NTSH, and (D) NTDL materials.
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For further identification of the phases, from the STEM images in Figure 4-113, the
TDL (Taz0s) material has a lattice spacing of 3.95 A, this is identified as the (001) plane,
corresponding to the 22.8° diffraction peak for orthorhombic Ta20s [444]. While, the
material NTSL (NaTaOs) displays a highly crystalline lattice, with a lattice spacing of 3.75
identified as the (101) plane for the cubic-NaTaOs phase [127]. All other NaTaOs (NTSH,

NTDL) FSP-produced materials showed similar lattice spacings.

Figure 4-113: HRTEM images for Miller planes for the materials (A) TDL as the phase
Taz0s, (B) NTSL with the perovskite phase NaTaOs.

The STEM images of the materials TDL, NTSL, NTSH, and NTDL, shown in Figure
4-114, show that the Ta20s and NaTaOs particles have quasi-spherical morphology, as
expected since the majority of FSP-produced oxides have spherical morphologies, while
only the NTDL some cube-shapes were also formed, this could be derived from the very
small particle size.

The size-distribution statistics calculated from multiple STEM images for each
material are shown in Figure 4-115. The TDL(Ta20s) has a dtem size of 9.6 nm, as for the
NaTaOs particles, NTSL, NTSH, and NTDL have a dtem size of 19.1, 14.1, and 12.3 nm,
respectively. All the drem, dxrp, dser, and SSA parameters for these materials show similar

trends from smaller to bigger materials.
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Figure 4-114: HRTEM images for the particles (A) TDL, (B) NTSL, (C) NTSH, and (D)
NTDL.
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Figure 4-115: HRTEM size distribution of (A) TDL, (B) NTSL, (C) NTSH, and (D) NTDL.
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According to the size determined with whatever applied method drem, dxrp, dseT, the
NTDL {NaTa03/NiO} material has the smallest NaTaOs3 size with an average of drem 12.3nm,
which is the smallest NaTaOs particle-size so far reported in the literature [123,126-

128,131,133,135,271].
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Figure 4-116: Graph containing the synthesis time and perovskite NaTaOs size, for the

best and most prevalent works, according to the smallest size.

A detailed comparison of pertinent synthesis methods with the derived NaTaOs size,
SSA, and synthesis time is shown in Figure 4-116 for a more visual representation and in
Table 4-22 [123,126-128,131,133,135,271]. The FSP technology, further than producing
the smallest size for the NaTaOs perovskite, can have the lowest synthesis time as a critical
advantage, where the core synthesis requires only minutes, with the complete procedure
needing only 30 minutes, in comparison with other methods of Table 4-22, that require
multiple hours or even days.
Overall, the derived thermodynamic insight from these experiments shows that in
order to obtain small NaTaO3 particles in the FSP process, two conditions need to be

fulfilled at least:
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[i]] Favorable combustion-enthalpy, the AcH should be controlled at the lower
acceptable limit, with these experiments observed it as AcH = -1.04 kJmol g1, with a size-
limit of ~12nm, higher AcH results in larger particle sizes.

[ii] Long High-Temperature-Residence-Times, in our set-up this was satisfied using a

20cm enclosing quartz tube.

Table 4-22: Literature comparison of Size and SSA for NaTa0Os and Taz0s nanoparticles
synthesized by different synthesis methods.

Synthesis period Crystallite

Photocatalyst Synthesis method (hours) size(nm) SSA (m2g1)
TDL (Taz0s: This
FSP 0.5 9.6 +0.2(d 34.0
0.5%Ni0) (Cren) work
NTDL (NaTaOs. This
FSP 0.75 12.3 +0.3(d 37.3
0.5%Ni0) (drev) work
NaTaO3 exotemplate method 22 25(drem) 22.4 [126]
solvothermal 24 synthesis + 6
NaTaO 50(d 77.3 127
atath synthetic dried/centrifuged (dren) [127]
1 P
NaTaOs polymeric citrate 28 70 (drem) 462 [128]
precursor route
NaTaOs: S
atatla: or molten flux 10 75 (dre) i [123]
doping
NaTaOs: S 12 synthesis + 2 200-
hydroth 1 - 133
doping YyArotermatprocess = dried/centrifuged ~ 500nm(drew) [133]
NaTaO3 solid-state reactions 10 2000(dsem) 0.5 [134]
Ta;0s FSP 0.5 14.4(dger) 51 [443]
Taz0s Hydrothermal 24 30(drem) - [135]

4.7.4 Phase purity and characterization for the selected Taz0s and NaTaOs/NiO
nanoparticles
DRS-UV-vis: The pristine FSP-produced Ta20s and NaTaOs powders have a crispy-
white color. While with the NiO deposition in the selected heterostructures {NiO/NaTaOs}
and {NiO/Ta20s} the powders obtained a light-green color. It has been observed that

increased Ni deposition from 0.5% to 5% intensified the green color accordingly. The band-
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gaps, Eg, of the produced Ta20s and NaTaOs semiconductors were determined with the
Kubelka-Munk method [327], where p was set to 1/2 for direct-band transition. Thus, the

Tauc plot of the four Ta-materials is shown in Figure 4-117.

All derived band-gap values Eg are listed in Table 4-21. The band gap of the materials
is as follows: The Taz0s particle (TDL) had Eg 4.15eV, which is in accordance with literature
band gap energies for this phase at 4eV [280]. The NaTaOs particles had Eg=4.18eV for
NTDL and NTSL, while there was a small shift with 4.25eV for NTSH. The literature
presents the band gap of the perovskite phase at values in the range of 4.2eV, as initially

reported by Kudo’s group [124,281].
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Figure 4-117: Tauc-Plots derived from DRS-UV-Vis data for TDL, NTSH, NTSL, and NTDL.
The dotted arrows show the calculated bandgap.

FT-IR spectroscopy: Figure 4-118(A) shows FTIR spectra of the selected Ta-materials.
For the Ta20s phase (TDL), the Ta-0 and Ta-0-Ta stretching vibration modes at 500-700
cm! are detected, with some additional weaker bands in 700-900 cm [445,446]. In
perovskite NaTaOs (NTSH, NTSL, and NTDL), for the main bands at 500-800 cm-1, the
responsible vibrations are the Ta-O stretching, and Ta-O-Ta bridge stretching modes,
while an asymmetrically centered peak around 700 cm-! being the perovskite phase

characteristic feature [133,447]. The IR band at 3440 cm~! corresponds to O-H vibrations

Page | 274



of water adsorbed on the surface. The NiO didn’t produce additional vibration modes due

to very low concentration.

Raman Spectroscopy: The Raman spectra of the four selected Ta-materials are
shown in Figure 4-118(B). The Ta205(TDL)-Raman spectra can be divided into three
internal modes in the range of 150 to 1000cm-1, the inclusion of each of the three vibration
modes ranges is presented at the top of Figure 4-118(B) for the readers' convenience. The
first range is attributed to O-2Ta or 0-3Ta deformation in the range 150-400 cm-1, while
separately, the O-2Ta and 0-3Ta stretching vibrations are found in the range 400-1000 cm-
11448,449]. The NaTaOs3 (NTSH, NTSL, and NTDL)-Raman possesses similar peaks due to
the similar Ta-0 groups in the perovskite structure, the observed spectra are in accordance
with literature data and theoretical calculations [450,451]. Most importantly, the detection
of the vibrations in 200 to 250 cm! ensures that the materials don’t have amorphous

regions [448,449], providing more evidence for the high crystallinity of the materials.

The lack of Raman phonons in the range 1000-1600cm! indicates the absence of
carbon-induced vibrations [452]. This is highly important, as it shows that the selected four
Ta-materials are formed by the high carbon content FSP process as carbon-free materials.
Thus under the FSP-combustion process, all carbons atoms from the solvent and the metal-
precursor are completely combusted to carbon dioxide due to the sufficient combustion

enthalpy and oxygen-rich process used in the present FSP-protocols [169-171].
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Figure 4-118: (A) FT-IR spectra of the materials, the main vibrating modes are displayed
graphically. (B) Raman spectra of the materials, with the assigned deformation/stretching
vibrations modes of 0-2Ta and 0-3Ta.

X-Ray Photoelectron Spectroscopy: The Na-XPS spectrum for NTSH NaTaOs
material is shown in Figure 4-119. The characteristic Nals binding energy of 1071 eV
confirms Na-atoms' presence in the NaTaO3 material [453]. The same peaks were observed
for the other NaTaO3 materials (NTSL, NTDL), the same can be said for the later Tantalum
and oxygen spectra, this shows a high uniformity in the crystal structure between the

materials, changing only the size/SSA and place deposition of the NiO particles,

The Tantalum XPS spectra for TDL and NTSH are present in Figure 4-120. The Ta-
XPS spectra show the distinct Ta5*s/2 and Ta>*7/2 peaks observed in the binding energies
27.8 and 26 eV, respectively. The Tantalum XPS spectra confirm the lack of secondary
reduced Ta-states, such as Ta**, Ta3*, or Taf from small atomic regions not detectably by
XRD [454]. Oxygen XPS spectra for TDL and NTSH are present in Figure 4-121. The
Oxygen-XPS spectra contain characteristic peaks of surface hydroxyl groups at 532 eV and
0O-Ta bonds of the crystal at 530.1 eV peak [399]. Overall, XPS data confirm that all four of
the selected Ta-material are without any small percentages of O-defects or reduced Ta-

atoms in the crystal structure.
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Figure 4-119: Sodium XPS spectra for NTSH material, showing the fitted Nals state.
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Figure 4-120: Tantalum XPS spectra for, (A) TDL (Ta:0s), (B) NTSH (NaTaO3)
nanomaterials, showing the fitted Ta4fs/2 and Ta4f7,: states.
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Figure 4-121: Oxygen XPS spectra for (A) TDL (Ta:0s5), and (B) NTSH (NaTaO3)

nanomaterials, showing the fitted surface O-Ta bonds and hydroxyl group states.

Overall, the present spectroscopic FTIR, Raman, and XPS data for the FSP-produced
Ta-materials ensure that their structures contain only pure phases, free of defects such as
Ta**, Ta3*, or Ta® oxidation states at small percentages, free of amorphous Tantalum
regions, and free of carbon deposits. Taking into account the XRD and TEM data, we
conclude that the FSP process we developed produces NaTaOs and Ta20s with surface-
deposited NiO heterostructures of high purity and crystallinity. For completeness, we
report that deposition of NiO doesn’t appear to have any impact on any of the spectroscopic

data due to the low loading i.e. 0.5%.

4.7.5 Taz20s5 and NaTaO0s3/NiO for Photocatalytic Hz2-Production from Hz0
The photocatalytic Hz-production data from H20 of the four selected materials, the

heterostructures {NaTa0O3/NiO} and {Ta20s5/NiO}, are shown in Figure 4-122. In these
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experiments, we underline that Pt or other noble metals were not included as catalysts,
while the photon radiation was achieved from a Solar-light simulating Xenon-lamp. The
kinetics show an initial delay of Hz-production in all materials, this is attributed to the
electron-storage effect of the cocatalyst, where the majority of the photogenerated
electrons at the beginning of photocatalysis are collected/stored by the NiO-cocatalyst in

accordance with previous reports [455].

The kinetics of the photocatalytic Hz-production show that the most efficient of the
four selected materials is the NTDL 12nm {NaTaOs/NiO} produced by Double-Nozzle FSP
by a wide margin, achieving a hydrogen rate of 390 umol g-1h-1. This is attributed to three

different factors produced from the comparison of the four materials.

[i] Crystal Structure: In all cases, the performance of Ta20s Nanocatalysis was
inferior compared to NaTaOs, despite its smaller size of 9.6 nm and higher SSA. As we
discuss hereafter, this can be attributed to the lower energy of the conduction-band edge of
Ecs=-100mV for Ta20s. vs. Ecs =-600mV for NaTaOs, and appropriate band alignment of the

Ta-material in comparison to the cocatalyst NiO.

[ii] Material Size: The profound effect of the NaTaOs-size on photocatalytic Hz-
production can be demonstrated by comparing the two materials, 19nm NTSH and 12nm
NTSL: the smaller NaTaOs (NTSL) has a ~330% higher H:-production efficiency.
Normalization per SSA from 28m?2/gr to 19m?2/gr of the two materials, clearly the higher

SSA of 12nm NTSL, cannot fully account for the difference in the Hz2-production rates.

This phenomenon supports the findings of our previous work, where EPR
spectroscopy showed that the {hole/electron} pair lifetime is affected severely and non-
linearly by the NaTaOs particle size [225]. Larger NaTaOs particles (NTSH) display
significantly lower {hole-electron} lifetimes vs. the smaller NaTaOs particles (NTSL).
Photoinduced holes and electrons migrate rapidly to the particle surface at smaller NaTaOs3
sizes, thus the hole-electron recombination rate is inhibited [225]. As mentioned before,
the hole/electron charges that are on the surface are employed for the photocatalytic

activities, in this case, the reduction of H* to Haz.
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[iii] NiO Deposition method: The deposition method shows clearly very different
hydrogen efficiencies, this is observed by all direct particle comparisons for the deposition
method of the two FSP-setups, NTSL that was produced by Single Nozzle-FSP in
comparison to the NTDL by Double Nozzle-FSP, where NTDL has a superior Hz-production
rate of 380 vs 330umol gr-th-l of NTSL. Although an even more substantial change is
observed at the start of the photocatalysis, where the NTDL photocatalysis shows that NiO
particles require less charge storing, resulting in total hydrogen production in three hours

of ~1200 vs. 600 umol gr-1 of NTDL vs. NTSL.

Overall, the present data shows {12nmNaTaO3/NiO} NTDL material produced by
Double-Nozzle FSP technology is the far superior photocatalyst due to the crystal structure,
material size, and NiO deposition method. We focused on this photocatalyst to prove the

production under UV light, the stability of the photocatalysis, and the solar to hydrogen

production.
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Figure 4-122: Photocatalytic Hz-production from the four selected Ta-materials under
Xenon-radiation. (A) Kinetics of photocatalytic Hz-production. (B) Hz-production yields (umol
g1 h'l) for the four materials.

Two light-irradiation sources were tested: [i] Solar-light simulating, Xenon-lamp as

seen from the previous experiments, most photocatalysis semiconductors are tested under
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sun simulating radiation, the solar simulating radiation provides a fair assessment of the
solar to hydrogen efficiency, a better correlation between the following EPR experiments as
they were conducted with a similar Xenon-lamp. [ii] UV-light, mercury lamp, to better
compare the Hydrogen production with other studies, while more efficient due to the

larger band-gap.

Figure 4-123 shows the very different radiation profiles of the two lamps, with xenon
having continuous radiation spectra with a very high percentage being in the energies of
infrared, while the mercury lamp rather than continuous radiation, has radiation peaks,
with the majority of the radiation energy being in the UV-range. As the Tantalum materials
have a high band gap of 4.1eV that absorbs only UV radiation, the hydrogen production
from the 391 pmol glhl with the photocatalyst NTDL under 300W Xenon irradiation
increases exponentially under the 300W Hg-irradiation achieving a rate of 10684 pmol g1

h1,
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Figure 4-123: Radiation profile of (A) Xenon Lamp 300W and (B) Mercury Lamp 300W.
(C) Comparison of the Hz-production yields for the NTDL {NaTa0O3/NiO} photocatalyst under

Xenon vs. UV-Mercury lamp irradiation.
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To further verify the structural stability of the materials and the stable production of
hydrogen, the XRD profile of all four selected Ta-materials was obtained after the
photocatalytic hydrogen production. The obtained data compared with the XRD profiles
before the photocatalysis, as shown in Figure 4-124(A), have a one-to-one correlation,
meaning that the crystal structure of all the materials remained stable, proving high
structural stability. In order to prove the stable production of hydrogen, the most efficient
catalyst (NTDL) was used for three consecutive reuses, with the Hz-production rates

remaining stable and highly efficient, as seen in Figure 4-124(B).
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Figure 4-124: (A) XRD data for the nanomaterials before and after photocatalysis. (B)

Reuse experiments for the best-performing material NTDL.

Solar to Hydrogen (STH) efficiency: To correctly measure the efficiency of the
particles, rather than the bibliographic comparison that will follow, since there aren’t any

two laboratory systems exactly comparable, a gross offender of this fact is the very
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different production of photons of 300W Mercury lamps from different companies, a better
representation is the Solar to Hydrogen efficiency, that shows the amount of photons used
for the reduction of water, producing molecules of Hydrogen. Although at the time of our
publication, to our knowledge, the STH of NaTaOs materials has never been measured, thus
the present study will provide a much better comparison and understanding of the

photocatalytic efficiency of NaTaO3s materials.

STH efficiency or nstu [456] of the best achieving NTDL material was calculated from
Equation 4-6, where ®u; is the produced hydrogen under the illuminated area (mol s1m-2),
the Gibbs free energy G%Hu: for the formation of hydrogen 237 k] mol-1, and the energy of
incident solar light PLight (0.78 W cm2, Xe lamp). The resulting nstu for the NTDL was
calculated to be 0.89%.

0
_ PuaGnz

Nery = Equation 4-6

P Light

As mentioned, to compare with literature data i.e. most reports [90,271,123,457], we
utilized Hg-lamps that produce much higher amounts of UV radiation. Table 4-23 lists
pertinent literature data for other well-performing NaTaOs photocatalysts for Ha-
production under xenon [458] and mercury [90,271,123,457] irradiation. This comparison
shows that {12nm NaTaOs/NiO} NTDL material has a higher catalytic performance. For
completeness, the Hz-photogeneration results of TDL {9nm Ta20s5/NiO} are included in
Table 4-23, which is comparably performing with pertinent literature reports for Ta20s

under xenon-irradiation [92,459].
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Table 4-23: Comparison of H: photoproduction data for our FSP-made catalysts vs.

pertinent literature systems.

Photocatal Synthesi C talyst H ducti
otocataly ynraesis eaie y st( Light Source Reaction solution 2 prouction
st method % loading) (nmol g-th-1)
Pure water+20%
0/ N .
TDL (Taz0s) FSP 0.5% NiO Xe(300W) methanol 76 This work

NTDL ) Xe(300W)/ Pure water+20% 391/ )

FSP S5%N Th k
(NaTa0s) 5 0-5% NiO Hg(300W) methanol 10.684 1swor
hydrolysis 0 Pure water+20%

Taz0s method 2% Pt Xe(300W) methanol 350 [92]
Ta,0s G.rey novel synthetic ] Xe(500W) Pure water+20% 210 [459]
nanowires route methanol

Electrospinning Pure water+20%

NaTaO3 method - Xe(300W) methanol 150 [458]

NaTaO3 molten flux 2% La Hg(400W) Pure water 784 [123]
Solid-Stat

NaTaOs ofidrotate 0.05% NiO Hg(400W) Pure water 2.180 [271]
reaction

P ter+109
NaTaOs:La Sol-gel 0.3% NiO Hg(400W) ure water+10% 29.200 [457]
methanol

Effect of cocatalyst-type (Ni vs. Pt) and deposition method (FSP vs. wet-method):
To compare our FSP-deposition method for NiO on the NaTaO3z materials surface with typical
procedure for other synthesis methods of wet impregnation and calcination of Nickel deposition.
An FSP- NaTaOs material with the exact synthesis method of NTDL (except the NiO deposition)
was loaded with NiO particles utilizing wet impregnation and calcination. The calcination as
expected due to the increased temperature, resulted in a 20% SSA decrease, as the SSA dropped
from 38.3 to 30.4 m?/gr.

The Hz-production rate of this material was 32 pmol g*h? which is 1/10 of the
{12nmNaTaO3/NiO} NTDL performance, Figure 4-125. This overwhelming x10 times higher
Hydrogen production of NTDL material can’t be attributed to the drop of the SSA but correlates
to the superiority of Double-Nozzle FSP as a more efficient deposition method for
heterostructures. This can be attributed to several factors, in the liquid method/ wet impregnation
and calcination, the size distribution and dispersion of NiO particles cannot be precisely
controlled as in Double-nozzle FSP, where the high mobility and sintering of deposited NiO
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particles provide a higher dispersion of NiO particles, while the enhanced oxide/oxide interaction
and the rapid quenching in the temperature provide a heterostructure with the minimum needed
incorporation of the two surfaces of the materials. Thus, NiO/NaTaOs interface and the overall

band edge alignment in the flame-made heterostructure may differ compared to the one prepared
by wet impregnation.
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Figure 4-125: Rate of H: evolution (umol g-1h-1) for comparison of the effect of the Ni-
deposition method on the Hz-production efficiency. NTL material wet impregnated with 0.5Ni
nickel and calcined vs. the Double-Nozzle FSP (NTDL) material.

A detailed screening of the deposition Nickel loading was conducted with various
concentrations from 5%, 2%, 1%, and 0.5% according to the NaTaOs material. The
deposition method was the Double Nozzle FSP, as it was shown to be the most efficient in
comparison to hydrogen production. The FSP parameters were the same as mentioned
with the four selected materials, at High concentrations (H) of total Na-TA precursor
concentrations of 0.6M. The resulting hydrogen productions are shown in Figure 4-126. It
is observed that lower concentrations provide a much higher Hz production, with the 0.5%
having almost double than 1% and five times higher than 2%, as the higher amount of

Nickel can cause the inhibition of the surface, lowering the incident radiation reaching the
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NaTaOs3 particle, while from the primary FSP synthesis attributes, the resulting NiO

particles will have a bigger size resulting in higher recombination of the electron/hole pair.
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Figure 4-126: Rate of Hz evolution (umol g-1h-1), using 5, 2, 1, and 0.5% loading of Nickel
as co-catalyst, for the NTDH methodology of FSP-synthesis.

From the previous measurements for the phase Taz0s, only the TDL was shown, similar
experiments were conducted to prove or disprove the effectiveness of the Nickel loading of
the surface, lower combustion enthalpy through lower Ta-concentrations, and the
deposition method of SN or DN FSP, as shown in Figure 4-127. [i] The Nickel loading at 2%
produced 10.3 pmol glhl, by dropping to the previously most efficient 0.5% the
production as with the NaTaOs had a tremendous increase of 5 times at 25.6 pmol g-th-1. [ii]
Ta20s5 materials with lower enthalpy and therefore smaller size had an increased efficiency
several times, where the production changed from 25.6 to 76.5 pmol g-th-1. [iii] The SN or
DN FSP as Nickel deposition, showed once again a similar result with the NaTaO3 materials,
as the SN deposition produced 46 pmol g-th-1. in comparison to the much more efficient DN

of 76.5 pmol g-1h-1L.

Overall, the results closely mirror those of the NaTaO3 material, where with the proper
FSP parameters, the same material can adjust drastically the photocatalytic efficiency from

10.3 pmol g'th-1to a seven times increase of 76.5 pmol g-1h-1.
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Figure 4-127: Rate of H: evolution (umol g-1h1), for Ta:0s materials, screening the

precursor concentration, the Ni-loading amount, and the deposition method SN or DN FSP.

Platinum co-catalyst: To further explore the correlation of the cocatalyst-effect deposition
mechanism, we have tested the deposition of 2% and 0.5% of platinum using the Double-Nozzle
FSP to produce Ta»Os/Pt and NaTaOz/Pt. These particles were compared with 1% platinum
deposited through the typical deposition of other synthesis methods, with liquid photo
deposition in-situ during the photocatalytic experiment.

STEM images for the DN-FSP NaTaOs/Pt show finely-dispersed platinum on the particle
surface with sizes of about 5nm, Figure 4-128(A). In both Tantalum phases, the results show
similarities with the NiO deposition, where the higher loading proves inefficient, with the 0.5%
showing higher Hz-production. Figure 4-128(B) shows the H-production rate for DN-FSP
Ta,0s/ (0.5%)Pt is 327 umol g*h?, 20% higher than {Ta.Os/photo deposited Pt} at 258 pumol g
1, Figure 4-128(C) shows similar results with DN-FSP NaTaOs/ (0.5%)Pt were 480 umol g
1, that is 29% higher than {NaTaOs/photo deposited Pt} at 342 umol g*h?,

Thus, in both cases of wet impregnation of NiO and the photo deposition of Pt, the Double
Nozzle FSP method shows much higher efficiency for the deposition of cocatalysts in the surface

of materials, creating a highly productive heterostructure for the reduction of water.
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Figure 4-128: (A) TEM image of DN-FSP made 0.5% Pt-NaTaOs3 deposition, showing the
fine dispersion of Pt on the surface of the material. Rate of Hz evolution (umol g-'h1) of : (B)
Effect of Pt-loading on Taz0s, comparison of Double Nozzle-FSP (2%, 0.5%) and liquid photo
deposition (1%) of Pt. (C) Effect of Pt-loading on NaTaOs, comparison of Double Nozzle-FSP
(2%, 0.5%) and liquid photo deposition (1%) of Pt.

Overall, the present data confirms that the Double-Nozzle FSP technology enables fine
dispersion of the co-catalysts, NiO or Pt, on the Ta-particles. The present data show that a low
percentage (0.5%) of co-catalytic particles is always preferable for optimal Hz-production.
Compared to other synthesis methods, the present Double Nozzle-FSP is faster, enabling

efficient particle size control and superior photocatalytic performance.

4.7.6 Discussion Taz0s and NaTaOs3/ NiO heterostructure photocatalytic mechanism
The heterostructure mechanism needs to have appropriate energy level alignment of

the conduction band (CB) and valence band(VB) at the interface of the two materials i.e.
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NaTaOs and NiO [460]. To properly measure the CB and VB, the NiO produced from the FSP
should be measured since different morphologies of the same phase can result in different
band gaps, thus we produced an FSP-made NiO, with the appropriate Tauc plot shown in
Figure 4-129, the resulting band gap was approximately Eg=3.6eV, in accordance with the
literature [271,272], with other DFT studies for the NiO material has a valence-band edge
Evs positioned at +2.64 eV and the conduction-band edge Ecs = -0.96 eV [271,272].
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Figure 4-129: Tauc plot of FSP-made NiO, showing a band gap of Eg=3.57eV.

The Evs and Ecs of the materials Ta20s5 and NaTaOs were found in two different ways,
through DFT data, the Evs of NaTaOs3 is situated at +3eV vs. NHE [272,283]. We have shown
that the band gap is mainly 4.2 eV for our materials. From these facts, we estimated that Ecs
of NaTaOs is -1.2 eV. The Evs and Ecs for Ta20s are positioned at +3.43 eV and -0.47 eV,
respectively [284,285]. The total Evs and Ecs of NiO, Ta20s, and NaTaO3 are shown in
Figure 4-130. These values can also be estimated by taking into account the Mulliken
electronegativity Table 4-24. The calculations are done as follows: By using the Ar the
atomic electron affinity, 11 the first ionization potential, for each atom in the crystal
structure, we arrive at the Mulliken electronegativity X, Equation 4-7. We can arrive at the

Ece and the Evs of each material.

1

1
= E(Af +1,) , Ecp=X—45- SE Eyp = Ecg + E, Equation 4-7

g )
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Table 4-24: Reference values for the parameters X, Eg, Ecs, and Evs of Taz0s, NaTaOs, and

NiO materials.

Semiconductor Ecs(eV) Evs(eV) X(eV) Eg(eV)
Taz0s -0.26 3.94 6.337 4.2
NaTaOs -1.11 3.09 5.494 4.2
NiO -0.34 2.86 5.760 3.2

NiO

[CB\ H'H,
(V=0)
|

0,/H,0
(V=1.23)

Figure 4-130: Schematic diagram of the band edge positions vs. NHE for Taz0s, NaTaOs3,
and NiO by DFT calculations.

Band Alignment-Band Bending in nano-NaTa0s3/NiO Heterojunction: To properly
understand the charge dynamics at the interface of the two materials, the ensuing band
bending [460] must be measured. While NaTaOs3 is an n-type semiconductor [272], NiO is
the opposite p-type semiconductor [273,274]. As shown in Figure 4-130(A), before
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contact, the Fermi level positionings are ErnNatao3 > Ernio with the work functions
positioned at 5.4eV for NiO [273,274] and 4.5eV for NaTaOs3 [272] respectively.

In the {NaTaOs3/NiO} heterojunction under equilibrium of the Fermi levels, we have
band bending of the conduction and valence bands, with the calculated band offset of 0.9eV
[460]. Figure 4-130(B), after the band offset, at the interface allows the transfer of
electrons from CBnio to CBnara03, thus with the accumulating electrons the CBnarao03 acts as
the hydrogen reduction site, while at the same time, NiO acts as a hole-acceptor as
confirmed also in other works [461]. The resulting heterostructure is an efficient type-II
heterojunction hindering the electron/hole pair recombination, increasing the

photocatalytic efficiency of the NaTaOs material [462].
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Figure 4-131: (A) Band alignment in {NaTaO3/NiO} heterojunction interface, before
contact and in contact after equilibrium. (B) The implication of type-1I heterojunction with

energy positioning for optimal water oxidation and hydrogen reduction.
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Direct Monitoring of Photogenerated Holes/Electrons by in-Situ EPR
Spectroscopy: Photocatalytic Hz-production entails the formation of electron-hole pairs
for the heterostructure surface where electrons are used for the reduction of water to Ha,
while the holes are used for the oxidation of water and the sacrificial agents. To further
corroborate this mechanistic aspect, herein, we have used EPR spectroscopy to directly
measure the photoproduced holes as oxidants that form OH radicals and the electrons for

the reduction of Cré* to the components of Cr5+ and Cr3+.
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Figure 4-132: (A) EPR spectra of photogenerated OH-radicals for the four selected Ta-
materials. (B) Quantitative ® OH-production per gram of photocatalyst.

The Ta20s and NaTaOs materials were irradiated in situ using a Xenon-lamp and the
EPR spectra of the photogenerated OH-radicals are shown in Figure 4-132. Only a few
works exist on ®OH radicals detection for Ta20s [463] and NaTaOs [453]. Under dark, no
EPR signal was detected. Under illumination, the characteristic quadruple peaks of ®OH-

DMPO emerged [305]. These OH-radicals are generated by oxidation from the
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photoinduced holes produced by the Ta20s and NaTaOsz semiconductors. Quantitative
analysis applying DPPH allows us to measure the produced holes as pumol g-1. The resulting
production of OH-radical correlates completely with the results from Hz-photocatalysis,
with the TDL/Ta20s and NTDL/NaTaOs demonstrating the lower and the highest

photocatalytic activity, respectively.
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Figure 4-133: (A) EPR spectra of photogenerated Cr*> and Cr*3 for the four selected Ta-

materials. (B) Quantitative harvested electrons per gram of photocatalyst.

As our team showcases, the EPR measurement of Cré* reduction from photoinduced
electrons at the materials conduction band can produce the components of Cr>* and Cr3+
[464]. We can determine the total photoinduced electrons from the quantitative analysis of
the two components, as shown in Figure 4-133. The results mirror not only the OH-radical
but the Hz-photocatalysis, which means that all the materials have a distinct electron/hole
generation where the total of these pairs has a linear application to hydrogen

photoproduction.
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4.7.7 Conclusions of Hydrogen production from FSP made Taz0s and NaTaOs/ NiO
heterostructures.

[a] First-time synthesis via the scalable Flame-Spray-Pyrolysis method for the 100%
pure perovskite NaTaOs, Control of the FSP-process parameters, with emphasis on the
combustion enthalpy and the high-temperature-residence-time, is shown to be
prerequisites for the synthesis of very small NaTaOs <15nm, which is well below the so-far

achieved nanosize of NaTaOs by other conventional synthesis methods.

[b] A library of large/small nano-NaTaOs, and Ta20s were synthesized, employing
different NiO deposition methods. With the application of Single-Nozzle FSP and Double-
Nozzle FSP, we produced Ta20s and NaTaOs with proper interfacing of ultrasmall NiO in a

single step.

[c] Based on XRD, FT-IR, Raman, and XPS data, all the produced materials are devoid of

secondary phases or impurities.

[d] The Double-Nozzle FSP {12nm NaTa03/NiO} achieved benchmark photocatalytic Hz
production >10.000 umol glh! from H20, without the application of any noble metal as
cocatalyst. The NaTaO3 and NiO band alignment forms an n-p heterojunction promoting
efficient electron-hole separation. The deposition method of DN-FSP of NiO and Pt was
superior in comparison to the typical deposition methods of wet-impregnation and

photodeposition.

[e] In situ monitoring of the photoinduced holes and electrons using EPR spectroscopy
corroborates the efficient photocatalytic Hz-production being linked to the small NaTaOs3

nanosize.

The present research exemplifies the DN-Nozzle FSP towards a foreseeing technology
of scalable production of nano-perovskites with high photocatalytic efficiency, with one-

step production and cocatalytic deposition.
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5 Conclusions
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In this Ph.D. thesis, FSP synthesis of several perovskite materials with catalytic
properties was thoroughly studied and examined, where up to-date, very few perovskite

materials had been synthesized from FSP.

(Chapter 4.1) The parameters of combustion density enthalpy, ® ratio, and HTRT were
explored for selected perovskite particles of the Thesis. (Chapter 4.2) Synthesis of CuFe204
and CuBi204 materials has been explored with various precursors and FSP parameters,
although without achieving the one-step synthesis of FSP so-far. The perovskite LiTaO3 was
achieved through meticulous combinations of precursors, the effect of combustion density

enthalpy, and the enclosure of the FSP reactor.

(Chapter 4.3) First-time FSP synthesis of 100% pure phase of BiFeO3 perovskite and
the mullite type Bi2Fe409. The obtained materials BiFeOs, BizFe409, and their two mixed-
phase heterostructures BiFeOs3/BizFe4sO9 were employed for catalytic reduction of 4-
Nitrophenol to 4-Aminophenol. The results clearly demonstrate that the BiFeOs perovskite
phase has a consistently much higher rate constant than BizFes4Os. Additionally, an
Arrhenius analysis of these materials was studied for the first time, which determined that
the BiFeO3/4-NP system has much lower activation energy than BizFe40o9 i.e. 22 k] mol! vs
36 k] mol-l. Furthermore, an inverse correlation was observed between the activation

energy and the nanomaterial interface with the 4-NP adsorption strength.

(Chapter 4.4) Following the FSP synthesis of BiFeO3 and BizFe4Q9, a post-calcination
treatment was explored, producing FeZ*-enriched BiFeOs. The materials BiFeOs, BizFe40o,
and BiFeOs3/Bi2Fe409 were evaluated for visible light Oxygen Evolution Reaction. In all
cases, high temperature and long time-post FSP calcination significantly hindered the
photocatalytic efficiency, while the BizFe409, phase had remarkably higher OER efficiency
from the well-known BiFeOs. The role of the add-on Fe2* centers was analyzed by DFT,
revealing a downshift of CB by +0.9eV, resulting in more positive potentials that enhanced
the oxidative capacity of the holes in comparison to pure phase BiFeOs. The observed
hindrance from the prolonged calcination effect on the Bi2Fe409 phase is caused by a solid-

melt reaction. This explains why -so far- in other synthesis methods that require high
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temperatures and a prolonged calcination time resulted in non-photocatalytic active

Biz2Fe40o.

(Chapter 4.5) Single-Nozzle FSP technology was successfully employed to produce
controlled crystal structure La-Doped SrTiOs, while Double-Nozzle FSP was employed for
in-tandem  CuO/SrTiOs-heterojunction. ©The complex perovskite nanoparticles
La:SrTiO3/Cu0, showed distinct structural-electronic properties, with La-doping inducing a
significant increase of SSA via the formation of larger pore-voids. Additionally, the CuO
nanoparticles at the heterojunction showed an increase in the absorption of visible light.
The materials were evaluated for the photocatalytic production of H2 or CH4 from an
H20/CH30H mixture. The La-doping in all cases increased the photocatalytic activity of the
perovskite SrTiOs, with the 0.9%La:SrTiOs having a five times hydrogen increase from the
pristine perovskite. While the heterostructures SrTiO3/CuO drastically shifted the
selectivity from H2 toward CHs, with SrTiO3/0.5%CuO having a ten times CH4 increase in
comparison to the pristine SrTiOs. Incorporation of Lanthanum with the material
0.25%La:SrTi0/0.5%Cu0, further increased the CH4 production by two times, reaching a

surprising 1.5 mmol g-1h-1.

First-time synthesis of pure perovskite NaTaO3 via FSP was achieved. A systematic
mapping of the FSP-process parameters [combustion enthalpy and the high-temperature-
residence-time, including several other important synthesis parameters] was
accomplished. The developed FSP method achieved the smallest so-far reported NaTaOs3
size at 12-14nm. (Chapter 4.6) EPR spectroscopy allowed for the first time the detection of
photogenerated holes and electrons in 14nm NaTaOs particles. Detailed EPR analysis
provided key-insight into the landscape concerning the electronic configuration and
kinetics of photoinduced electron/hole pairs. EPR spectra under N2 and under H:20
conditions were determined with five separate subspectra with their equivalent tensors,
two subspectra attributed to holes= (h1) and (h2), two subspectra attributed to electrons=
(e1), (e2), and (e3). The implementation of Isopropanol as a hole scavenger in the H20
conditions provided further evidence to consider the (h1) and (h2) subspectra. The
fundamental particle size change from 14nm to 26nm NaTaOs, diminished the yield of

stable photo-excited {h+/e-} pairs significantly due to rapid recombination events, thus
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other studies couldn’t have successfully detected photoinduced carriers by EPR. This claim
is further supported by the 2.5 times higher photocatalytic H2 production and the
subsequent experiments. (Chapter 4.7) A collection of large/small nano-NaTaOs, and
Ta20s materials were synthesized, employing different deposition methods with the
application of Single-Nozzle FSP and Double-Nozzle FSP. In a single step, we produced the
Tantalum nanomaterials with proper interfacing of ultrasmall NiO and Pt0. The Double-
Nozzle FSP {12nm NaTaOs/NiO} achieved benchmark photocatalytic Hz production
>10.000 umol g-th1 from H20, without the application of any noble metal as a co-catalyst.
The Band alignment was calculated, showing that NaTaO3 and NiO form an n-p
heterojunction promoting efficient electron-hole separation. The deposition method of DN-
FSP of NiO and Pt® was far superior in comparison to the typical deposition methods of
wet-impregnation and photodeposition. Furthermore, in situ monitoring of the
photoinduced holes and electrons using EPR spectroscopy corroborates the efficient

photocatalytic Hz-production being linked to the small size of NaTaOs.

Overall, the present thesis exemplifies a deep-understanding of the solid-state Physics
of ABO3 perovskite nanoparticles, along with innovative FSP-technologies for the
production of controlled-size perovskite materials. We exemplify versatile SN-FSP and DN-
Nozzle FSP towards a scalable production of nano-perovskites with high photocatalytic

efficiency.

Regarding future research perspectives, this thesis established the controlled synthesis
of perovskite semiconductors, as the perovskite NaTa0s, LiTaOs, and SrTiOs have high
conduction band sufficient for the photocatalytic reduction of CO2, the subsequent research
will be the screening of size, morphology, and deposition of several cocatalysts, metal (Ag?,
Pt0, Pd?) or oxides(CuO, NiO) for the efficient reduction of CO2. Furthermore, a detailed
screening of the FSP parameters based on the formation of FSP synthesis of LiTaOs is
expected to be published. Materials based on FSP atomic deposition of Bismuth atoms and
Copper atoms in the surface of NaTaOs are envisaged to be of interest in future research
and technology. The FSP formation of SrTiOs materials with anoxic conditions resulted in
SrTiOsx materials with several different amounts of oxygen vacancies in the crystal

structure, showing changes in their photocatalytic efficiency and EPR spectra.
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