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ABSTRACT

Photocatalytic Hydrogen Production Using Layered Perovskite Oxides
Ali Berk Demir
Master of Science in Materials Science and Engineering
June 29, 2022

Fossil fuels have a known impact on environmental pollution, and there is a
possible scarcity of these fuels in the future. Because of this reason, cleaner and more
abundant fuels may be preferred for substitution. Hydrogen, an eco-friendly and
promising fuel obtained from electrolysis, is a strong candidate for this purpose. Since
solar energy is renewable, electrolyzing water using semiconductors is a sustainable
approach.

The photocatalytic water splitting reaction can be done by using perovskite oxides,
and there are many examples of perovskite oxide materials that can be found in the
literature for this purpose. Among these perovskite oxides, layered perovskite oxides
stand out because of their chemical stability, tunable morphology, and low-cost precursor
chemicals. Sr.TiOs and KCa2NaNbsO13 are layered perovskite oxides, which have a
limited number of studies in the literature, were inspected for their hydrogen evolution
capability in this dissertation. The stated molecular structures were studied both with and
without dopants to determine their hydrogen evolution rates.

Adding additives to a photocatalyst is a widely used method for bandgap
engineering. In the study, the effect of copper and nitrogen addition was tested for Sr2TiO4
without the addition of a cocatalyst. Noble metals (Pt, Pd, Ru, Rh) were added to
KCa2NaNb4O13 during the synthesis instead of being added later, and hydrogen
production rates were evaluated. In addition, proton exchange method was used to
increase the surface area of KCa2NaNb4O13 and change its electronic structure.

The structural analysis methods, optical measurements, and hydrogen evolution
tests were performed on these materials to evaluate their properties. According to the
results, both materials were successfully synthesized, their bandgap changes were
determined, and their hydrogen production rates increased after the doping and proton

exchange processes.



OZETCE
Katmanh Perovskit Oksitler ile Fotokatalitik Hidrojen Uretimi
Ali Berk Demir
Malzeme Bilimi ve Miihendisligi, Yiiksek Lisans
29 Haziran 2022

Fosil yakitlarin ¢evre kirliligi iizerinde bilinen bir etkisi vardir ve gelecekte bu
yakitlarin olas1 bir kithig1 s6z konusudur. Bu nedenle ikame amagli daha temiz ve daha
bol bulunan yakitlar tercih edilebilir. Elektrolizden elde edilen ¢evre dostu ve gelecek
vaat eden bir yakit olan hidrojen bu amaca uygun giiglii bir adaydir. Giines enerjisi
yenilenebilir oldugundan, yar1 iletkenler kullanarak suyun elektrolize edilmesi
stirdiiriilebilir bir yaklagimdir.

Fotokatalitik su ayirma reaksiyonu, perovskit oksitler kullanilarak yapilabilir ve
bu amagla literatiirde bulunabilecek bir¢cok perovskit oksit malzeme 6rnegi mevcuttur. Bu
perovskit oksitler arasinda, kimyasal kararliliklari, ayarlanabilir morfolojileri ve diisiik
maliyetli 6nciil kimyasallar1 nedeniyle katmanli perovskit oksitler one ¢ikar. Literatiirde
sinirh sayida calisma bulunan katmanli perovskit oksitlerden olan SrTiOs ve
KCazNaNbsO13 bu tezde hidrojen iiretim oranlari agisindan incelenmistir. Belirtilen
molekiiler yapilar, hidrojen evrim oranlarini belirlemek i¢in hem katkili hem de katkisiz
olarak incelenmistir.

Bir fotokatalizore katki maddelerinin eklenmesi, bant araligi miihendisligi i¢in
yaygin olarak kullanilan bir yontemdir. Yapilan calismada bakir ve nitrojen katkisinin
etkisi, bir yardimei katalizor eklenmeden Sr2TiOjs igin test edilmistir. Soy metaller (Pt,
Pd, Ru, Rh) KCazNaNb4O13'e sonradan eklenmek yerine sentez sirasinda katkilanmis ve
hidrojen tiretim hizlar1 degerlendirilmistir. Ayrica, KCa2NaNbsO13'liin yilizey alanini
arttirmak ve elektronik yapisini degistirmek i¢in proton degisim yontemi kullanilmistir.

Ozelliklerini degerlendirmek icin bu malzemeler {izerinde yapisal analiz
yontemleri, optik 6l¢iimler ve hidrojen evrim testleri yapilmistir. Elde edilen sonuglara
gore her iki malzeme de basarili bir sekilde sentezlenmis, bant araligi degisimleri
belirlenmis ve katkilandirma ve proton degisim islemleri sonrasinda hidrojen iiretim

hizlar1 artmastir.
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Introduction 1

Chapter 1: Introduction

1.1  Layered Perovskite Oxides

Perovskite oxides are inorganic molecules with the chemical formula of ABOs,
which is based on CaTiOs, where A-type elements are usually in alkaline or rare earth
groups, and B-type elements are from transition metals [1]. The structure consists of BOe

octahedrons and 12 coordinated A cations, which can be seen in the Figure 1.1. below.

o

B ion

Figure 1.1. lllustration of cubic perovskite oxide structure [2]

Since perovskite oxides have ferro, piezo, and pyroelectrical properties, they are being
used for many applications such as catalysis [3], fuel cells [4], and electrodes [5].

According to Tanaka and Misono, perovskite oxides have the following advantages:

e Various elements can be employed while the cell structure remains the same

e The bulk structure of perovskite can be characterized detailed; because of this
reason, the surface of perovskites can be well estimated

e Stoichiometry, valency, and vacancies of perovskites can have various parameters

e There is much research about perovskites, which gives much information

regarding their physical and solid-state chemical properties [6].

Even though the perovskite structure was introduced as ABOg, this structure's
derivates depend on their lattice plane parameters. For instance, (An+1BnOzn+3) has the

layer of (111) plane, whereas (AnBnOzn+2) structure has the layer of (110) plane [7].
1
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There are three types of (100) layered perovskites, which are Ruddlesden-Popper phase
(An+1BnOsn+1), Dion-Jacobson phase (A’[An-1BnOzn+1]), and Aurivillius phase (Bi202)(An-
1BnOan+1). The detailed crystal structures illustrated below were shown in the Liu et al.’s
publication [8].

Cubic Perovskite Ruddlesden Popper Auri_villius
ABO, A',AB,0, ABi,B,0,

=A
Dion Jacobson (110) layered (111) layered
A|AZB3010 A2B207 A584015

Figure 1.2. Crystal structures of different types of perovskite oxides

The layered perovskite oxides have similar applications as the cubic perovskite
oxides. These applications include thermal catalysis [9], electrocatalysis [10],
photocatalysis for water splitting [11], CO2 reduction [12], and degradation of organic
pollutants [13]. The layered perovskite oxides have advantages compared to the cubic
perovskite oxides for the field of the photocatalysis [7]. Since the structure consists of

negatively charged octahedrons and weakly bonded A-site cations, the A-site cations can

2



Introduction 3

be easily removed, and the electronic properties can be altered easily. Proton exchange is
a well-known method for this purpose [14]. The proton exchange procedure allows the
removal of the A-site cations and replaces them with the H* cation. It is quite easy to
accomplish this task due to the process being mixing the perovskite oxide with an acid
solution and applying mechanical stimulation. Since the bulk material will lose its weakly
bonded cations, layer separation is also possible. Because of this, the relative area will
increase, and the activity of the catalyst will be affected. This procedure can be further
improved to have 2D nanosheets of the perovskite oxides. Adding water-soluble large
molecules with hydroxyl groups such as tetrabutylammonium hydroxide (TBAOH) will
attach to the negatively charged layers of the perovskite oxide; then, it will create a steric
hindering and separate the layers from each other [15]. In addition, the layered structure
allows distortion of lattice parameters, which also impacts the electronic structure [16].

The distortion will affect the transportation and recombination of charge carriers [7].

1.2  Photocatalysis

The photocatalyst term is derived from the words “photo,” which comes from the
photon, and “catalysis,” which is defined as a substance that increases the rate of the
reaction without participating in it. The incoming light from an external source causes the
activation of the photocatalyst by creating an electron flow out of the system. Since there
is a requirement for an electron ejection from to system, the materials used for this
purpose must not act as an insulator yet using entirely conducting materials will not allow
electrons to have enough time to alter the reaction. Because of this reason, the proper
candidates for photocatalytic applications are semiconductors.

The conductivity of a material is determined by the difference between the
conduction band (LUMO) and the valence band (HOMO). The difference between these
levels, known as bandgap (Eg), is defined as electronvolts (eV), and the three types of
materials are specified as stated in the previous paragraph. According to their bandgap

values, these three possible electronic states are

e Conductor, Band gap < 1.0 eV
e Semiconductor, Band gap <1.5-3.0eV
e Insulator, Band gap > 5.0 eV [17]
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Conduction band
Electron

Conduction band

Figure 1.3. Types of conductivities [17]

The semiconductors work with the principle of ejection of an electron from a hole
by incoming light due to photon energy carried with it. When the light illumination is
sufficient to excite the electron and remove it from the valance band to the conduction
band, the electrons and the holes are separated. Because of this reason, the electrons
obtained from photocatalyst can be used for reduction, where the holes created can act as
active sites. Therefore, they can be used for the oxidation processes.

It is also possible for both oxidation and reduction to take place during the
photocatalytic process (redox reaction). Nevertheless, there might be any reaction due to
bandgap divergences. In order for a reaction to occur, the energy levels must be inside
the bandgap levels of the semiconductors. For instance, a semiconductor material with
the valance band level at 0.5 eV and the conduction band level at 3.0 eV cannot perform
a reduction reaction that will take place at 3.2 eV or an oxidation reaction at 0.4 eV.
Because of this reason, the determination of the band levels has a crucial role in
photocatalytic applications.

Another important aspect is the energy of the incoming light. If the energy is
insufficient to excite the electron to leave its hole, the photon’s energy must exceed the
semiconductor’s bandgap value. The photon’s energy can be obtained from the “Planck
Equation,” where h indicates the Planck constant 6.625 x 1073 Js, ¢ is the velocity of the
light, and the A stands for the wavelength in nanometers. Since the energy of photon
increases as the wavelength decreases, the smaller wavelengths in the UV region are more

efficient for charge separation.
__hxc

E_/l

1)

> > >
e Band gap 2 ° Sle JConductioneband
= c = o
L L Band gap L e o
® o © e L o T
® ®valence band ® ®valence band @  valence band
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1.3 Methods of Production of Efficient Photocatalytic Semiconductors

As was previously stated, the semiconductor’s bandgap must be at specific levels,
and the photon energy must be higher than the bandgap energy. Since many materials
have specific band gaps for each, the photocatalyst must be designed for the specific
process. Different methods can be employed in order to change the electronic structures,
also known as bandgaps. In this section, the primary techniques for bandgap manipulation
will be covered with a literature review specifically for perovskite oxides for water-

splitting due to this dissertation being written for photocatalytic hydrogen production.
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Figure 1.4. Illustration of band gap narrowing [18]

1.3.1 Doping

Doping can be described as introducing different elements to the system via a
chemical reaction. Doping allows its user to change the semiconductor’s bandgap to
obtain a material that will have proper energy values for the specific application. For
instance, Maeda introduced Rh to BaTiO3 perovskite oxide in order to decrease its
bandgap for hydrogen evolution reaction [19]. However, excessive doping may also cause
a change in energy levels of the bands, and therefore it may cause a decrease in the
efficiency. Sun et al. introduced La and N elements to Sr2TiO4, and they found that the
highest hydrogen evolution rate was achieved with Sr1glao2TiOsyNy (x = 0.2). On the
other hand, Sr1.7Lao3TiO4yNy (x = 0.3) was the best choice for having the highest oxygen
production rate [11].
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There are examples of doping that can be done using both anions and cations. The
cations, which can also be classified as metals, in this case, cause the formation of an
impurity band below the conduction band. According to the structure, it is possible to
encounter many cations doping in the literature. Ma et al. used transition metals such as
Ni, Cu, Fe, Mn, and Rh as dopants for SrTiOz [20]. Shimizu et al. worked on doping the
A>SrTa;07 to demonstrate the effect of alkaline group elements on photocatalytic water
splitting where A indicates H, Li, K, and Rb [21]. On the other hand, cation doping can
also be used to increase the bandgap of a semiconductor. Mizoguchi et al. showed that
the bandgap of the BaSnOs, which is 3.1 eV, can be increased with doping Ca by replacing
the Ba [22].

Anion doping has an impact on the bandgap due to it cause the formation of an
energy level above the valence band which will lead to decreasing in the bandgap, which
can be seen from fig; N, F, and chalcogens are known anions for doping procedure. The
most preferred anion for doping is nitrogen. It is possible to encounter many examples of
oxynitrides in the literature. Oxynitridization can be performed by treating the
photocatalyst under NHs flow as it was done by Diot et al. [23], it can be done by mixing
the semiconductor with amides [24], or it can be prepared with solid ammonia sources
such as ammines and urea [25]. Fluorine can be doped to the structure by adding PVDF
(polyvinylidene fluoride) and applying heat [26]. Qiu et al. used YFs instead of Y>O3 for
doping fluorine to their material due to the electronegativity of the fluorine being higher
than the oxygen. Thus, the fluorine inside the sample will be replaced by oxygen during
the calcination process [27]. There are oxychalcogenides in the literature that supports
the possibility of synthesizing chalcogen doped perovskite oxides. Charkin et al.
synthesized Ca,CuFeOsS and Ca,CuFeOzSe by preparing pellets of precursors mixture.
They placed these pellets inside a quartz tube and sealed it to keep the synthesis medium

away from the air to ensure the samples did not get oxidized [28].
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Figure 1.5. Formation of new energy levels [29]

There are also examples of co-doping in the literature. Co-doping enables the
creation of two new levels of pseudo valance and conduction bands. Even though it is
expected for this process the narrow the bandgap, it is also possible that the bandgap may
remain the same according to the dopant preferred. In theory, it is also possible to create
new levels above for both valance and conduction bands. Because of this reason, by
employing the co-doping method, the bandgap may remain the same, yet the activity
range can be altered. It should be considered that discussed method can only be relevant
to a simultaneous anion and cation do-doping. When only cation or only anion co-doping
is introduced to the system, only one band will remain the same where there will be new
energy levels for the corresponding band. Some of the cation co-doping examples in the
literature are La and Fe co-doping to Sr2TiO4 by Zhang et al. [30], and La and Rh co-
doping to SroTiO4 by Sun et al. [31]. For photocatalytic hydrogen production. There are
also cation and anion co-doping examples, as well. For instance, Kadari et al. doped Ag
and N to KoNd2TisOqo to increase its photocatalytic activity for pollutant degradation
[32], where Jeyelakshmi et al. doped N, S and Fe to strontium titanates simultaneously

by using urea or thiourea to inspect its effect on CO; reduction.
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Figure 1.6. Effect of iron doping on oxygen vacancies [33]

Doping not only narrows the bandgap but also affects the charge carriers. Since
doping affects the electronic properties of the semiconductors due to the creation of new
energy levels and the formation of vacancies, vacancy formation takes place because of
the introduction of different atoms to the structure, which has a lower charge than the
substituted parent element. Staykov et al. conducted a study on iron-doped SrTiOz to see
the effect of doping on surface reactivity [33]. Their research has shown that replacing
Fe3* atoms with Ti*" atoms cause oxygen vacancies, which can be seen from the Figure
1.6, to compensate for the charge neutrality. These oxygen defects may play a crucial role
in electron lifetime [34], and the prolonged lifetime of the electrons is connected to
reducing electron-hole recombination [35,36]. The correlation of electron lifetime with
photocatalytic hydrogen production can be seen from the Figure 1.7. According to the
results of Yinxing et al., the addition of the fluorine to the system has surpassed the charge
hole recombination and the electron lifetime was increased Figure 1.7a. Because of this
reason, the photocatalytic activity and hydrogen production rates were increased (Figure
1.7b).
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Figure 1.7. (a) Life-time measurement, (b) H. evolution graph for Sr2Tig.95Cro.0504 and

its fluorine doped derivatives [29]
1.3.2 Reduction

The positive effect of anion defect formation on lifetime was covered in the
previous section. The anion defect may occur due to the charge neutrality. If a dopant
with the same charge as the parent element, such as doping V#* to Ti*" like Bantawal et
al. did in their research [37], it is possible to not to encounter anion defects. Reducing the
semiconductor can create oxygen vacancies in a balanced system. For the reduction
process of the perovskite oxide semiconductors, NaBH4 is the most preferred reductant
chemical due to it is a simple, quick and controllable process [38]. On the other hand,
photocatalytic applications prepared with perovskite oxide semiconductors by using this

reduction method are newly emerging, and it is needed to be investigated further.
1.3.3 Particle Shape Manipulation

The shape of the particles of a semiconductor plays an essential role in its
photocatalytic activity. It will lead to surface heterojunction, which has advantages. The
cost of building such a system is relatively lower than the two or more component
systems, and redox potential loss is reduced [39]. For instance, Yu et al. worked on
surface heterojunction of {001} and {101} facets of anatase TiO2 by introducing different
amounts of fluorine to manipulate the shape of the particles, and they found that the CH4

production varies for each shape which can be seen from the Figure 1.8. [40].
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Figure 1.8. (a) Methane production rate of different TiO2 morphologies, (b)
Illustrations of different TiO2> morphologies [40]

There are many ways to change the morphology of oxide semiconductors. Another
work focused on hydrothermal synthesis demonstrates that the H2 and CO. evolution rate
differentiates for each particle shape, which Figure 1.9 shows was researched by
Kimijima et al. [41]. In addition, the effect of ionic liquids on crystal engineering is a
newly emerging topic in terms of shape manipulation. Mudring et al. worked on the ionic
liquid-assisted sonochemical synthesis of SrTiOs [42] and SrSnOs [43]; their results
indicated even the bandgap of the materials were affected. It should also be noted that the
ionic liquids are because they Have different functional groups with a wide variety. Thus,

the effect of ionic liquids on photocatalytic semiconductors may have a promising future.
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Figure 1.9. (a) H2 evolution and CO; evolution rates, (b) SEM Images of different type
of SrTiOz Structures [41]

1.3.4 Addition of Co-Catalyst

Most of the time, introducing co-catalysts into to system increases the efficiency
of the reaction. The addition of co-catalysts promotes charge separation efficiency, lowers
the activation energy of the formation of species, and co-catalyst nanoparticles act as
active sites for the corresponding reaction [44]. The addition of the co-catalyst creates a
depletion layer between the material and the co-catalyst, and the electric field provided
by the co-catalyst promotes charge separation. It is also possible for the co-catalyst to
have a negative impact because of the concentration of the co-catalyst [45]. The excessive
amount of co-catalyst may block the incoming photons, thus leading to lower efficiency.
Because of this reason, the amount of co-catalyst should be carefully chosen in order to

have the optimum performance.

Since photocatalysts are used for different applications, the co-catalyst type varies.
Generally, two types of co-catalyst are utilized for oxidation and reduction separately
[46]. Yan et al. simultaneously loaded their sample with Pt—PdS/CdS photocatalyst for a
water-splitting reaction. They found that using both co-catalysts caused very high
apparent quantum efficiency (93% at 420 nm) [47].

Pt metal nanoparticles, which are created by the addition of HzPtCle.xH20, are widely
used for hydrogen production via water-splitting where CoOx [48], PtOx [49], and IrOx
[50] are used for photocatalytic oxygen production. The selectivity can be altered by using
co-catalysts; because of this, the choice of co-catalyst is important for photocatalytic CO-

reduction [51]. For instance, Hori investigated Cu for photocatalytic CO> reduction and

11
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found that the Cu is a specific co-catalyst for this process because Cu increases adsorption
of CO to the surface and promotes further reactions to obtain valuable chemicals [52].

1.4  Applications of Photocatalysts

As previously stated, the photocatalysts, which can also be addressed as light-
sensitive current producing semiconductors, can be mainly utilized for CO> reduction to
produce fuels such as CO, CHs, CH3OH, for pollutant degradation, and for water splitting
to produce hydrogen or oxygen. In this part of the dissertation, examples of such

applications will be explained, and current development will be discussed.

1.4.1 Photocatalytic Carbon Dioxide Reduction (or Fuel Production)

The photocatalytic CO> reduction can be described as artificial photosynthesis due
to COzbeing reduced for the synthesis of valuable chemicals such as methanol, methane,
and formic acid. The working principle stems from the bandgap part, as stated in chapter
1.2. When a photon with sufficient energy has higher energy than the semiconductor’s
bandgap, the electrons and the holes are formed on the surface of the material due to the
electrons in the conduction band moving to the valence band. These electrons and holes
are used to reduce CO2 and oxidation of water accordingly. The Figure 1.10 exhibits the
proposed mechanism for CO> reduction.
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Figure 1.10. lllustration of the CO> reduction mechanism on a photocatalyst [53]
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The material’s bandgap also plays a crucial role in the CO- reduction process. The
bandgap values must be lower to utilize the visible light spectrum. On the other hand, the
positions of both valance and conduction bands are essential parameters. If desired
reactions are not between the bandgap levels, the reaction will not occur. The Figure 1.11
shows the formation of CO, H2CO, CH3OH, and CHs using a perovskite oxide
semiconductor. Also, possible detailed reactions are available in the Table 1.1.
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Figure 1.11. lllustration of reduction potentials of CO; based fuels [54]

The semiconductor’s bandgap in proper oxidation and reduction is not only the
single challenge for the photocatalytic CO2 reduction process. Another issue arises from
the adsorption of CO; to the semiconductor. Since the CO; is an acidic molecule, using
basic sorbents or applying alkaline modification will cause chemisorption, and thus
intermediate species (for instance, bidentate carbon dioxide) will form [39]. Luévano
Hipdlito and Torres-Martinez utilized this phenomenon, and they investigated the CO2
reduction efficiency of alkaline niobates [56].

Another critical factor that should be considered for CO. reduction is the presence
of carbonaceous residues on catalyst [57]. These molecules may also be affected by the
redox reaction. Therefore, they may cause the formation of extra smaller molecules such

as CO and CHg4, which may cause an overestimation of catalytic activity [58].

13
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E°redox?
Product Reaction (V versus NHE)
Oxygen H0 — 150, + 2H" + 26~ +0.82
Methane CO2 + 8H" + 86" — CHa4 + 2H20 —0.24
Ethane 2CO; + 14H" + 14e” — CzHs + 4H20 —0.27
Carbon monoxide CO2 +2H" +2e” — CO + H20 —0.51
Methanol CO2 + 6H" + 6" — CH30OH + H,0 -0.39
Ethanol 2CO; + 12H" + 12e” — C2HsOH + 3H20 —0.33
1-Propanol 3CO; + 18H" + 186~ — CH3CH2CH0H + 5H,0 —0.31
2-Propanol 3CO; + 18H* + 18" — CH3CH(OH)CH3 +5H.0  —0.30
Formaldehyde CO2 +4H" + 4e- — HCHO + H,0 —0.55
Acetaldehyde 2C0O, + 10H* + 106" — CH3CHO + 3H,0 —-0.36
Propionaldehyde  3CO; + 16H" + 16e” — CH3CH2CHO + 5H,0 —0.32
Acetone 3CO, + 16H" + 16e- — CH3COCH3 + 5H,0 —0.31
Formic acid CO; + 2H" + 26 —» HCOOH —0.58
Acetic acid 2CO; + 8H" + 8" — CH3COOH + 2H20 —0.31

Table 1.1. Redox potentials of CO2 based compounds [55]

1.4.2 Photocatalytic Degradation of Pollutants

The constantly increasing population of the Earth creates a demand for various
objects, which requires mass production and improvement of industrial systems. While
the making of products continues, organic pollutants are produced as undesired side-

products. The contamination caused by these organic pollutants primarily affects the

14
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water supplies; removing the pollutants is considered an essential solution for the water
shortage [59]. An environmentally friendly approach for this issue is using the
photocatalyst due to their light-driven redox abilities [60]. The organic pollutants, which
correspond to toxic but degradable compounds, include toxic organic chemicals such as

dyes, drugs, or pesticides.
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Figure 1.12. lllustration of the pollutant degradation mechanism on a photocatalyst [61]

The photocatalytic activity, which is shown on the Figure 1.12, takes place via the
formation of charged carriers due to the illumination. The mechanism is identical to the
CO2 reduction, yet this time reduction and oxidation sites are used to form redox oxidative
species for pollutant degradation [61].The photogenerated holes can participate in the
degradation reaction [13]. Specifically, redox oxidative species are the essential
compounds for this process [62,63]. When this information is considered, the possible

degradation mechanism can be seen from the Equation 2 and Equation 3 below.

h* + Pollutants — Intermediates, CO,, H,0, etc. (2)
0O ¢ or « OH + Pollutants — Intermediates, CO,, H,0, etc. (3)

The bandgap of the photocatalyst should include the formation of free radicals’
redox potentials to have the best outcome. However, since O, « formation redox
potential is relatively high, it is hard to achieve this reaction [64]. In addition, prolonging
the lifetime of the charge carriers by decreasing the recombination rate has a positive

impact on degradation efficiency, as expected. Thus, the methods of efficient

15
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photocatalysis production could be used for bandgap engineering. As a bandgap-altering
method, which is doping, Fei et al. used CeCoo.05Tl0.950397 for photodegradation of the
aqueous Nile blue [65]. Also, there are examples of morphology manipulation. Su et al.
synthesized porous LaFeOs for rhodamine B photodegradation [66], and Dong et al.
found that the nanofibers of LaFeO3 have better photodegradation activity comparing to
the regular bulky structure [67]. They found that the surface area is enhanced by using a

silica template and removing the template from the structure.

1.4.3 Photocatalytic Water Splitting

For photocatalytic water splitting, the semiconductor’s bandgap should be above
1.23 eV. The electrons (e”) and holes (h*) accumulated from the photo-excitation process,
and each of them is used for a different purpose. The electrons are used for reduction
(hydrogen production), whereas the holes are used for oxidation (oxygen production).
The conduction band value for the photocatalyst must be lower than the reduction
potential of the water for the H> production, where the valence band of the photocatalyst
must be higher than the oxidation potential of the water so that O, can be produced. [18]

Figure 1.13 shows the suggested mechanism for the water-splitting process.
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Figure 1.13. Schematic demonstration of water splitting process [68]

Under normal circumstances the overall water splitting reaction can be described as

follows:

AHY + 4e~ —» 2H, (4)
2H,0 + 4h* - 4H* + 0, (5)

16
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However, there may be some cases where the reduction or the oxidation process
cannot take place due to the position of the valance and the conduction bands may not be
in the range of water splitting potentials. If this is the occurrence, then a sacrificial agent
must be used in order to achieve the preferred reaction. For instance, methanol (CH3OH)
is a commonly used sacrificial reagent for photocatalytic hydrogen production. There are
also other sacrificial reagents in the literature such as ethanol (C>HsOH) [69],
triethanolamine (TEOA) [70], sodium sulfide (Na.S) [71]. Sacrificial reagents affect the
reaction mechanism, as well. According to Kumaravel et al., using methanol as the

sacrificial reagent will yield the given reaction below [72]:

H,0 +h* > H* + OH™ (6)
CH;OH + OH~ - H,0 + (CH,0H)~ ()
(CH,0H)” > HCHO+H" + e~ (8)
2H* 4+ 2e~ - H, (9)
HCHO + H,0 - HCOOH + H, (10)
HCOOH - C0, + H, (11)
Overall:
CH;0H + H,0 - C0O, + 3H, (12)

There are also sacrificial electron acceptors for photocatalytic oxygen production.
However, there are a few examples of oxygen production sacrificial reagents, and the
most used one is silver (Ag). There is also a study that shows that the iron (Fe) ions [73]
and peroxodisulfate (S20s%) [74] can be used for water oxidation sacrificial agents. The
suggested mechanism for water oxidation with silver is as follows [75]:

2H,0 + 4h™ - 4H* + 0, (13)
4e” +4Ag*T — 4Ag (14)

17
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Figure 1.14. lllustration of sacrificial agents use in water-splitting redox reactions [44]

There are many examples of photocatalytic water splitting for hydrogen and
oxygen production. Due to the nature of this dissertation, the perovskite oxides will be
evaluated for this purpose. For regular ABOs3 type of perovskites, there are examples of
NaTaOs [76], KNbOs [77], NaNbOs [78], BiFeOsz [79], BaZrOs [80], SrSnOs [81],
LaCoOs [82], and LaNiOs [83]. It should also be noted that there are derivates of these
materials with enhanced performance in terms of hydrogen or oxygen production, with
the methods of improvement covered in the first section of this chapter.

The layered perovskites with different structures are also known for their
photocatalytic water splitting application. The Table 1.2, Table 1.3, and Table 1.4 exhibit
some of the layered perovskite oxides that are tested for photocatalytic water splitting.

18
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Activity
(umol g*h)
Chemical Band Solution Co-catalyst H> 02 Ref.
Formula gap
(eV)

H2SrTa2O7.nH2 3.9 Water 770 358 [21]
0]
H181SrosiBio1s  3.64 Water 2460 1100 [84]
Tax07
K2LazTi3O10 0.1 M KOH 2186 1131 [85]
SraSnOas Water RuO:2 1% 4 2 [86]
Na2Ca2NbsO13 3.3 20% MeOH Pt 1% 1355 [87]
Rh / Ln doped 10% MeOH Pt 1% 3.3 [88]
CasTi207
HaLazsTa2O7 4.0 Water 158 77 [89]
Sr3Ti207 3.2 Water NiO 3% 144 72 [90]
Sr4Ti3010 32 Water NiO 3% 170 [91]
AzLa:TisOw (A 3.4- Water 869 430 [92]
=K, Rb, Cs) 35

Table 1.2. Layered Ruddlesden-Popper perovskite oxides for photocatalytic water

splitting process
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Activity
(umol g*h)
Chemical Band Solution Co-catalyst  H: 02 Ref.
Formula gap
(eV)
Bi2WOs 2.8 5.4% Pt 1% 1.6 34 [93]
MeOH
Bi2Mo0Os 3.0 0.05M 001 21 [94]
AgNO3
Bi2M0209 3.1 0.05M 3.6 [94]
AgNO3
Bi2Mo03012 2.88 0.05M 15.2 [94]
AgNO3
PbBi2Nb20g 2.88  30% MeOH Pt 1% 7.6 520 [95]
-0.05 M
AgNO3
ALasTisO15  3.8-  Water/CO2 Ag 363 168 [96]
A=Ca, Sr, 3.9
Ba
BisTizO12 3.1 5% MeOH Pt 1% 0.6 3.0 [93]
KosLaosBiz 3.4 Water 295 17 [97]
M209 (M =
Ta, Nb)

Table 1.3. Layered Aurivillius perovskite oxides for photocatalytic water splitting

process
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Activity
(umol g*h)

Chemical Band  Solution Co-catalyst H2 02 Ref.
Formula gap

(eV)
RbNdTa207 3.8 Water 234.8 126.4 [98]
N doped 2.0 0.01M 216 [99]
CsCazxTasO10 AgNO3
HSr2NbsO10 3.3 1M 2- Pt 0.3% 900 [100]

propanol

KCazNb3sO1o0 10% MeOH Pt 1% 5500 [101]
AgLaNb20O7  2.98 20% MeOH Pt 1.0% 2102 [102]
HLaNb207 3.9- 10% MeOH Pt 4800 [103]

4.2
ASr2TaxNbz- 3.3 - 10% MeOH Pt 9300 [104]
xOw (A=K, 43
H)
Ag/RbLaNbz 2.4 - 20% MeOH  0.1% Pt 13616 [105]
Oy, 3.7
RbA2Nb3O10

Table 1.4. Layered Dion-Jacobson perovskite oxides for photocatalytic water splitting

process
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Chapter 2: Photocatalytic Hydrogen Evolution from Copper and
Nitrogen Doped Layered Strontium Titanate

2.1 Introduction

Hydrogen production via light-driven methods is a promising ongoing research
topic. Because of this reason, it is possible to find many examples of it in the literature
with different materials [106]. Among these materials, titanates are preferable due to their
relatively cheaper production precursors and non-toxicity. The most basic type of titanate,
which is TiOz, as a result of its basic molecular formula, is used widely for water-splitting
applications [107]. Fujishima and Honda investigated TiO2 as photoelectrochemical
material as a pioneer [108], and their findings promoted the attention toward this material.
Even though TiO. has the photocatalytic feature, it also has the drawback of rapid
recombination of charge carriers, which negatively impacts efficiency [109]. Since the
rapid recombination creates a problem due to charge carriers and holes recombining and
causes the decreasing period of free electron lifespan, the scientists wanted to overcome
this issue. They approached this issue with a solution of doping the TiO. with different
elements [110], using it in heterojunction systems [111], and investigating efficiency
outcomes of different crystal types such as anatase and rutile [112].

Since TiOz has limitations due to its simple structure, the perovskite derivates also
drew attention. Among these types of materials, SrTiOs is known for its photochemical
susceptibility [113]. The bandgap of the SrTiOz, which is 3.25 eV [114], is suitable for
the photoelectrochemical hydrogen production process. Nevertheless, the large bandgap
of the material causes it to absorb only the UV region of the light spectrum. The
researchers worked on this material as previously stated for TiO., and they achieved
changing the bandgap of the material [115-117]. Since TiO2 and SrTiOsz have a promising
future for the photoelectrochemical hydrogen production process, Sr.TiOs (Figure 2.1
below) is also a noteworthy candidate due to its semiconductor nature with a bandgap of
3.5 eV [118]. However, the broad bandgap issue continues with this Ruddlesden-Popper
type layered perovskite as it was happening with the other titanates. The Ruddlesden-
Popper structure allows Sr>TiO4 to have a layered structure which is going to have a

positive impact on hydrogen production rates due to the (001) SrO-ended surface in rock-
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salt layer allows a barrier-free water dissociation while the active apical oxygen site in

perovskite layer promotes hydrogen adsorption and evolution [119].
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Figure 2.1. Crystal structures of SrTiOs (left) and Sr.TiO4 (right) [120]

Interest in SroTiO4 also has researchers try to change the electronic structure, ergo
the material's bandgap. A distinctive approach to this purpose was substituting cations
and anions with different elements [30,31,118,119,121,122]. Specifically, doping the
structure with different anions impacts the absorbance capability of the materials. For the
anion part, nitrogen [11] and fluorine [29] doping is known methods for enhancing the
photoelectrochemical hydrogen production rates. Nitrogen doping allows the material to
absorb in the visible region. Thus, it leads materials to work with the visible spectrum of
light. Copper is a known cation for its ability to create recombination centers. It has a 2.7
eV conduction band value lower than the conduction band of pristine Sr>TiOs; therefore,
it leads to the formation of recombination centers and has a positive impact on
photocatalytic hydrogen production [20]

By utilizing copper and nitrogen co-doping, the photocatalytic activity for the
hydrogen production of Sr.TiO4 can be enhanced in the visible range. In this part of the
dissertation, the effects of these dopants are inspected with different combinations to give
insight into the photocatalytic hydrogen production via this material. The samples were
prepared as pristine, only nitrogen-doped, only copper-doped, and co-doped to discuss
this subject. The photocatalytic hydrogen production experiments were performed under

the full-range spectrum, also under the “perfect light” by using AM 1.5 filter. By doing
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so, the sunlight was replicated, and the photocatalytic activities of these specimens were
recorded. Since doping the material with Cu is relatively cheaper than using a co-catalyst

such as Pt, samples were inspected without the co-catalyst addition.

2.2  Experimental Section

2.2.1 Materials and Synthesis

Since the chemicals used for this synthesis were purchased in analytical grade, the
reagents were not further purified. 8.0 mmol of Sr.TiO4 desired to be synthesized with
the Pechini method. Stoichiometry of the Sr.TiO4 indicates a 2:1 molar ratio of Sr:Ti.
Therefore, 8.0 mmol Sr(NO3). (Sigma, >99.0%) and 4.0 mmol of Titanium isopropoxide
(Aldrich, TYZOR® organic titanate, 97%) were used as the primary synthesis materials.
As it was stated earlier, ethylene glycol (Merck, EMPLURA) and citric acid (Bioultra,
anhydrous, >99.5%) were used as a solvent and chelating agent for further esterification
and polymerization reactions. For the preparation of 4.0 mmol of Sr,TiO4, 1.18 mL of
titanium isopropoxide was added dropwise onto 25.0 mL of ice-cold ethylene glycol
while vigorously stirred. The solution was observed if there is any white precipitation of
TiO2, which may be formed due to its sensitive nature to humidity, to add the citric acid
into the solution. After making sure that there was no precipitation, 14.96 g of citric acid
was added to the solution, and the temperature of the solution was set to 65 °C to dissolve
the citric acid completely. 1.69 g of Sr(NOs). was dissolved in another beaker with 14.68
mL of ice-cold distilled water while the citric acid was dissolving. When the citric acid
was dissolved in the main beaker, Sr(NO3). solution was added dropwise into the first
beaker. After adding the Sr(NOs). solution, the heater's temperature was set to 115 °C,
and the mixture was polymerized to have a gel. When the color of the gel turned reddish
dark brown, the gel was placed into a furnace (Protherm PLF 150/15) at 400 °C for 1 hour
with a heating rate of 5 °C per minute. Next, charred remains of the sample were put into
agate mortar, and it was mixed and ground for 30 minutes to homogenize the sample. The
ground sample was placed into an alumina crucible, and the crucible was placed into the
furnace, and it was heated at 550 °C for 5 hours with a heating rate of 5 °C per minute.
Finally, the precursor was pelletized using a hydraulic press (Specac Hydraulic Press)
under 5 tons of pressure, and the obtained pellet was calcined in a furnace at 1100 °C for

5 hours.
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For the Cu dopped Sr.TiOs, the stoichiometry of the copper was chosen as 0.05
% in moles. The appropriate amount of copper (1) acetate (Alfa-Aesar, anhydrous, 98%)
was added together with Sr(NOz). in 14.68 mL of ice-cold distilled water then added to
the Titanium isopropoxide and citric acid in 25 mL of ethylene glycol solution in the
synthesis step to form Sr2Tio.9sCu0.0s04. Next, the ammonolysis procedure was performed
for nitrogen doping at 750 °C for 5 hours with a heating rate of 7 °C per minute for both
pristine and copper doped samples [123]. Finally, the samples with elemental

compositions of Sr2TiOsxNx and Sr2Cuo.os Tio.9504-xNx Were obtained.

2.2.2 Structural Analysis

The crystal structure of samples was analyzed using Bruker D8 Advance X-Ray
Diffractometer between 20 values of 10° to 70° using Cu Ko radiation (A=1.5406 A).
Zeiss Ultra Plus field emission scanning device is used for FESEM images. The
magnification ratio was 20,000 and 100,000. Secondary electron and In-lens detectors
were used for imaging. 5.00 kV accelerating voltage and working distances between 5.4
to 5.8 mm were preferred under ultra-vacuum. Thermo Scientific K-Alpha Spectrometer
with Al Ka (1486.6 e¢V) source was used for the XPS analysis. The XPS data acquired
was deconvoluted using Thermo Avantage v5.973. All XPS spectra were corrected for
any shift as a result of charging according to C1s at 284.5 eV. Shimadzu UV-3600 UV-
VIS-NIR Spectrophotometer was used for UV-VIS measurements between 200 to 800
nm wavelengths. The measurements were performed using diffuse reflectance spectra,
and the results were transformed into absorbance spectra using the Kubelka-Munk

function.

2.2.3 Photoelectrochemical Analysis

Fluorine-doped tin oxide (FTO) coated glasses with 25 x 10 mm dimensions were
used as electrodes. These FTO-coated electrodes were cleaned with a mixture of distilled
water and ethanol in an ultrasonic bath. All films from samples for photoelectrochemical
characterization were prepared by the electrophoretic deposition technique. 40 mg of
sample powder and 10 mg of lodine (Sigma-Aldrich, 99.8% ACS reagent) were mixed
into 50 mL of acetone in a beaker. Then, the beaker was placed into an ultrasonic bath for

15 minutes. FTO-coated glasses were dipped into the solution, and they were coated via
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electrophoretic deposition at 40 V potential for 30 seconds by using a DC power source
(RIGOL DP811). Finally, these electrodes were heated to 400 °C for an hour with a
heating rate of 5 °C per minute to improve adhesion to the surface of the FTO-coated
glass. A working electrode (sample coated on FTO glass), Pt foil 10 x 10 mm as the
counter, and the saturated calomel electrode (SCE) as the reference electrode in the
solution of 0.5 M K2SO4 with 0.02 points per second scan rate at 1.2 V were used for
photoelectrochemical characterizations. The light illumination was provided using a 500
W xenon light source (Newport, 66901). The thin films were also used for Mott Schottky
analysis between -1.6 to 0 V at 1000 Hz. The measurements were done using a
potentiostat (Princeton Applied Research VersaSTAT MC).

2.2.4 Photocatalytic Hydrogen Production

For the hydrogen production experiment, 30 mg of sample powder and 15 mL of
the methanol-water mixture (10% volume MeOH) were placed into a quartz vessel with
a total volume of 25 mL with a rubber stopper. Then, the air inside the vessel was removed
by purging the vessel via argon for 30 minutes. Next, another stopper was placed on the
vessel with an outlet, and the argon flow was introduced between the two stoppers to
inhibit air contamination. The vessel illuminated horizontally using a 500 W xenon light
source (Newport, 66901) equipped with and without AM 1.5 filter and it was stirred with
a speed of 200 rpm. The hydrogen amount inside the vessel was determined using a gas
chromatogram (Shimadzu, GC-2014) using a 100 pL gas-tight syringe. The inlet
temperature was 150 °C, the temperature of the MS 5A column (Teknokroma, NF-38427-
FS) was 75 °C, and the temperature of the thermal conductivity detector (TCD) was 150
°C with a bridge current of 40 mA. The ideal gas equation was used for the calculation of
hydrogen production amount, where it was accepted as 1.0 mol of gas occupying 22.4 L
of volume. The headspace volume was 10 mL, and the intensities of the GC peaks were
determined according to the calibration line that was made with different volumes of

hydrogen gas.
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Figure 2.2. Experimental setup
2.3 Results and Discussion

2.3.1 X-Ray Diffraction Spectroscopy (XRD)
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Figure 2.3. XRD pattern with planes of the pristine Sr2TiOx4,
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The Sr2TiO4 has a tetragonal structure with a group number of 14mm. The planes
of the structure are shown in the Figure 2.3. XRD patterns of doped samples are identical
to the pristine materials, which can be seen from Figure 2.4. These results indicate that
the structural integrity remains preserved. The shift to the smaller 20 values by doping
copper into the structure, in order to see the effect of the doping on to sample, can be
observed in Figure 2.5. The ionic radius of Ti**, which has the coordination number of 6,
is 74.5 pm. In contrast, the ionic radius of Cu?* is 87.0 pm, and the ionic radius of Cu* is
91.0 pm for a coordination number of 6 [124]. Since the ionic radiuses of both copper
variants are larger than the ionic radius of the titanium, the interplanar spacing increases,
which leads to a shift of the (103) peak between 31.0 to 31.6 26 degrees. Because of this
reason, it can be stated that the copper was successfully doped to the structure. Figure 2.5
also shows the effect of nitrogen doping on the XRD patterns. Pristine and nitrogen-doped
sample, with or without the addition of the copper, indicates that there is no evidence that
nitrogen doping was successful or not. This is caused by the similar ionic radiuses of both
oxygen and nitrogen. It is clear from the XRD data that nitrogen doping did not change
the crystal structure of the perovskite. In addition, all samples are compatible with
JCPDS: 00-039-1471 pattern, which can be observed from the Figure 2.4 below.
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Figure 2.4. XRD patterns of all samples between 10-70 26.

29



Photocatalytic Hydrogen Evolution from Copper and Nitrogen Doped Layered

Strontium Titanate

30

31,0 31,1 31,2 31,3 314 31,5 31,6
— Cu & N doped [ | ' '
. L ‘ 1 . . ! I
— N doped‘
—_ \ L \ 1 \ [ \ ! !
= Cu doped|
N
2
Rz
o)
2
=
1 | 1 | 1 1 1 | |
Pristine
. 1 . 1 . . ! I
| | 1 |
31,0 31,1 31,2 31,3 314 31,5 31,6
Degree (20)

Figure 2.5. XRD patterns of all samples between 31.0-31.6 26.
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2.3.2 X-ray Photoelectron Spectroscopy (XPS)
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Figure 2.6. XPS spectra of Ti 2p orbital of specimens.

The XPS spectra, which are shown in Figure 2.6, exhibit a shift of both 2p1> and

2p3/2 peaks to lower binding energy levels. This phenomenon can be seen detailed in the

table below. Pristine material has the highest binding energies, whereas the Cu & N doped

sample has the lowest. Both only Cu coped and only N doped samples' peak energies are

approximately 0.10 eV lower than the pristine one. The binding energy difference

between Cu & N doped and the pristine samples is 0.13 eV for 2pzs, whereas it is 0.14

eV. Xu et al. state that the Ti®* energy level is lower than the energy level of the Ti*
[123]. They also state that the shift to Ti* energy level indicates the oxygen vacancy

formation. Chen et al. claim that co-doping causes an increase in the number of oxygen

vacancies [125]. Thus, the addition of dopants positively correlates with the number of

oxygen vacancies.
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2psi2 (eV) 2p12 (eV)
Pristine 457.7 463.4
Cu 457.61 463.3
N 457.6 463.29
Cu&N 457.57 463.26

Table 2.1. Ti 2p orbital peak positions

XPS spectra of Cu 2p were inspected for Cu doped, and Cu & N doped samples
were inspected (see Figure 2.7) to determine Cu presence, the charge of Cu in the lattice,
and the effect of nitrogen doping on maximum peak values. The peaks at 932.39 eV for
2p3r2 and 952.22 eV for 2p1» show copper present in both samples. Even though copper
acetate was used to synthesize this material, the charge of Cu inside the matrix was
determined as +1. Satellites are essential for charge determination. The weak satellites
prove Cu's charge, as found in a previous study [126]. The peak positions were the same
for both specimens, which indicates that the addition of nitrogen did not cause any peak

shift. Thus, the nitrogen atoms most likely did not bond with the Cu.
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Figure 2.7. XPS spectra of Cu 2p of: (a) Cu doped and (b) Cu & N doped samples.
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Figure 2.8. XPS spectra of of N 1s of: (a) N doped and (b) Cu & N doped samples.

According to the fig, the N 1s peaks were found at 398.37 eV for N doped sample,
whereas it was found at 398.08 eV for Cu & N doped sample. These results show that the

N is present in the structure. The peak position aligns with the literature, as well [123].
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Figure 2.9. XPS spectra of O 1s orbital of specimens: (a) Pristine, (b) Cu doped, (c) N
doped, and (d) Cu & N doped.
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O 1s orbital may have different peaks due to the O-containing functional groups,
which can be seen from the Figure 2.9. In this case, lattice oxygen was shown with O,
adsorbed O. and hydroxyl groups were shown with OH", and finally H.O peak was
indicated [123,127]. The Table 2.2 below, which exhibits the peak maxima binding
energies and area ratios for peaks, was prepared to evaluate the data correctly. The OH-
/O? ratios for the samples indicate that copper doping causes lattice oxygen groups (0%)
area to decrease, which is expected due to the charge of copper in the lattice is +1. Thus,

it can be stated that copper doping causes the formation of oxygen vacancies.

Pristine Cu doped N doped Cu & N doped

Peak Peak  Peak Peak Peak Peak Peak Peak
Maxima Area Maxima Area Maxima Area Maxima Area
(eV) ratios (eV) ratios (eV) ratios (eV) ratios

oLy 529.15 0.75 529.14 044 52899 0.79 528.96 0.62

OH- 531.01 1.00 531.06 1.00 53094 100 530.89 1.00

H20 532.75 0.08 532.88 0.06 53259 0.07 532.88 0.06

Table 2.2. Peak maxima and number of counts of O 1s species
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2.3.3 Morphological Analysis
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Figure 2.10. FESEM Images of (a) Sr2TiO4 larger scale, (b) Sr2TiO4 zoomed in, (C)
SraCuo.o5 Tio.9s04 larger scale, (d) Sr2Cuo.o5Tio.9504 zoomed in.
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FESEM images of the samples before the nitrogen doping show that the copper's
introduction to the system does not significantly impact the structure morphology. Figure
2.10a shows the SroTiO4 larger scale, indicating that the particle size distribution is mostly
even. However, the Figure 2.10c exhibits the image of larger bulky particles, which may
influence the hydrogen evolution rates due to smaller particle size causing higher surface
area, which positively correlates with the efficiency of a catalyst. This might happen
because the sample was calcined in pellet form, and this pellet was ground afterward.
Since this process is mechanical, it is possible to have larger particles. However, the
Figure 2.10b and Figure 2.10d give a clear view of the layered structure. They also show
that the particle structure is similar. Thus, the material obtained has the same morphology.

| 3 : !' » : -l..' -:.:-- 3 : :'._"‘_jl
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Figure 2.11. FESEM Images of (a) Sr2Ti O4-xNx larger scale, (b) Sr2Ti O4-xNx zoomed

in, (c) Sr2Cuo.05Ti0.9504-xNx larger scale, (d) SroCuo.os Tio.9504-xNx zoomed in.

The images of the nitrogen-doped sample Figure 2.11a and Figure 2.11c show the
macro-scale view of the powders, and the images indicate different particle size
distribution, which may be caused by the mechanical grinding process, which was stated
earlier. Also, it should be noted that the ammonolysis was performed on the pristine
(Sr2TiO4) and copper doped (Sr2Cuo.osTio.9s04) samples. Thus, it is expected that they
have the same morphology. The Figure 2.11b and Figure 2.11d, which show only
nitrogen-doped and co-doped samples, respectively, reveal that the layered structure was
preserved after the ammonolysis. Therefore, it can be stated that the structural integrity
of the samples remained the same after the nitrogen introduction. All the samples have

the same morphological properties.
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2.3.4 Optical Properties
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Figure 2.12. UV-VIS Spectra of the samples.

The absorbance spectra of the samples were obtained by Kubelka-Munk
transformation of diffuse reflectance spectra, and it can be seen from the Figure 2.12. The
absorbance spectrum indicates that the introduction of copper to the system increases light
absorbance for wavelengths above 350 nm. It can be observed that the absorbance was
increased for the whole possible spectrum, yet after the 600 nm, the absorbance rate of
the copper doped sample was slightly decreased. Even though there is a declination of
absorbance, the copper doped sample still has more absorbance capability than the
samples that do not contain copper dopant. When the effect of nitrogen doping is
increased, it can be stated that nitrogen doping has a positive effect on absorbance for
both pristine and copper-doped samples. The absorbance edge was slightly shifted to a
higher wavelength, where it was slightly shifted to a lower wavelength for the copper
doped sample. Nevertheless, the impact of nitrogen doping, which increases absorbance
for the copper doped sample, can be observed for the wavelengths higher than 600 nm.
While the absorbance decreases for the copper doped sample, adding nitrogen to the

chemical structure allowed the sample to absorb at higher wavelengths. This occurrence
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might be related to increased nitrogen uptake due to doping [11]. Sun et al. claim that the
amount of nitrogen doping is relevant to the dopant concentration in the structure. This

may be why there is no visible increase in absorbance percentage for the pristine sample
after the nitrogen doping.
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Figure 2.13. TAUC plots of samples: (a) Pristine, (b) Cu doped, (c) N doped, and (d)
Cu & N doped. (a) Pristine, (b) Cu doped, (c) N doped, and (d) Cu & N doped.
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Sample Content Band gap (eV)
Pristine 3.43
Copper doped 3.16
Nitrogen doped 3.37
Co-doped 3.19

Table 2.3. Estimated band gap values for samples

TAUC plot is used to calculate the optical bandgap of semiconductor materials.
The equation, which can be seen below, consists of a as the adsorption coefficient, h as
the Planck constant, v stands for frequency, y indicates transmission type (direct or
indirect), A is energy dependent constant, and Eq stands for bandgap. The interception to
0 on x-axis is used for determination of the bandgap value, in which the equation is plotted

(ahv)Y against the photon energy (eV).

(ahv)Y = A(hv — Ej) (15)

Figure 2.13 shows the TAUC plots of the samples, which were calculated for direct
allowed transitions due to Kwak et al. also calculated the band gap by using % as the y
value [12]. Their calculation for pristine Sr.TiO4 is 3.33 eV, whereas our results show it
is 3.35 eV. These values are remarkably close to each other, and therefore using direct
allowed transitions (r = 1/2) for the calculations is correct. Because of this reason, the
other calculations made for the doped samples are also confirmed. The Table 2.3 shows
the calculated band gap values for the samples. The doping of only copper or nitrogen
decreases the band gap in both cases. However, copper doing has more impact on the
band gap due to the band gap of the sample decreasing from 3.35 eV (Pristine) to 3.11 eV
(Copper doped). On the other hand, the co-doped sample has a band gap of 3.17 eV,
whereas the copper doped sample has a band gap of 3.11 eV. This indicates that the
bandgap value was increased when the nitrogen was introduced to the chemical structure
while copper was also present in the structure. Xin-Guo et al. give the reason for this
occurrence as band gap width increases because of shorter N—Cu bonds and higher
energy N 2p levels, which causes an upward shift of the conduction band bottom [128].
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2.3.5 Photoelectrochemical Analysis (PEC)

Current density (uA/cmz)

180

160
140—-
1201
100-
80—-

60 -
40
20

Pristine
Cu doped
—— N doped

Cu & N doped

0 -

Time (s)

' —T T —T
0 20 40 60 80 100 120 140 1

60 180 200 220 240 260

Figure 2.14. Chronoamperometric measurements of samples

Maximum Amplitude (uA/cm?)

# of peak Pristine Cu N Cu&N
1 49.4 81.4 66.0 168.1
2 45.9 72.7 64.0 153.1
3 43.5 68.3 61.8 144.0
4 435 63.6 62.6 136.2
5 40.7 62.8 62.5 123.5
6 40.0 S57.7 60.9 107.4

Table 2.4. Current density magnitudes of samples

The current density vs. time plots, which can be seen from the Figure 2.14, of the

materials exhibit the amplitude magnitude order of co-doped, Cu doped, N doped, and

pristine from highest to the lowest. Specifically, the increase in the co-doped material's
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current density is significantly higher compared to the others. The current density
amplitudes for all the samples can be seen from the Table 2.4. The remarkable part is that
the copper-free samples' current density values change at a lower rate (for N doped
material, it starts from 66.0 pA/cm? and ends at 60.9 pA/cm?). In contrast, the current
densities of the copper-doped samples decrease significantly in time for each peak (for
the co-doped sample, it starts from 168.1 pA/cm? and ends at 107.4 pA/cm?. It should
also be considered that the initial current density value of each sample was set to 0, and
they were all background subtracted due to their constantly decreasing baseline current
density values of theirs. The formation of charge carriers (electron and holes) and the
recovery time of the system takes a while due to the current density decreasing in time
rather than going to the baseline right after 20 seconds of illumination time ends (see
Figure 2.14). As a result, the non-recombined electrons are trapped on the surface of the
electrode. Because of this reason, the baseline current and peak intensity values are
decreasing in this case. In addition, the Table 2.3 shows that the photocurrent density is

not only associated with the band gap value [129].
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Figure 2.15. Mott-Schottky plots of samples: (a) Pristine, (b) Cu doped, (c) N doped,
and (d) Cu & N doped. (a) Pristine, (b) Cu doped, (c) N doped, and (d) Cu & N doped
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The Mott-Schottky analysis was also performed using thin films without
illumination for the specimens. The results show the flat band potentials for each sample,
which can be observed from the Figure 2.15. The positive slopes of the Mott-Schottky
plots indicate that these materials are n-type semiconductors [130]. In addition, the type
of semiconductor can also be learned from the chronoamperometric results, which are
shown in the Figure 2.14. The anodic current indicates the materials type of
semiconductor, as well. It should also be considered that the thickness of the thin films
also plays a crucial role in the Mott-Schottky analysis. There are publications regarding
the effect of the film thickness on the flat band potential [131,132]. Xiao et al. did a Mott-
Schottky measurement for Sr.TiO4 and calculated its flat band potential as -0.47 V versus
Ag/AgCI electrode [133]. Our experiments were done using SCE as the reference
electrode. The difference between Ag/AgCl and SCE is around 0.04 V. In addition, Xieao
et al. used the spin coating technique for electrode production. The different results may

be related to film thickness, as was stated.

2.3.6 Photocatalytic Hydrogen Production
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Figure 2.16. H> evolution under UV irradiation without co-catalyst
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H2 amounts for samples (umol/g)

Time (h) Pristine Cu N Cu&N
1 21.71 8.50 15.36 32.31
2 35.92 32.31 25.55 212.11
3 60.83 82.49 46.02 375.17
4 92.87 128.93 67.91 S572.47
5 104.20 175.82 86.65 770.50
6 134.73 215.67 101.51 978.50

Table 2.5. H2 production of samples against time under UV illumination

Figure 2.16 exhibits the hydrogen production versus time of specimens under UV
irradiation. The Table 2.5 shows the amount of hydrogen produced for the corresponding
hour. After the 6 hours of illumination, the highest hydrogen production amount was
achieved using the co-doped sample, which yields 978.50 pmol/g of hydrogen, followed
by the copper doped sample with a yield of 215.67 umol/g of hydrogen. There is an
approximately 5-fold increase in hydrogen production after 6 hours of reaction time. This
significant increase indicates that co-doping has a large impact on photocatalytic
hydrogen production with Sr.TiO4. On the other hand, the introduction of nitrogen to the
pristine sample yielded less hydrogen (134.73 pmol/g for pristine and 101.51 umol/g for
only nitrogen-doped). As was previously stated, the amount of nitrogen doping in the
system is related to the chemical composition of the material. A certain amount of
nitrogen doping to the system increases the rate of hole hopping; if this nitrogen limit for
each specimen is exceeded, the defects formed in the structure increase the recombination
rate [134]. Because of this reason, the excessive doping with nitrogen may be the reason

for nitrogen-doped pristine sample's (Sr2TiO4xNx) low efficiency.
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Figure 2.17. Hz evolution under AM 1.5 filtered illumination without co-catalyst

H2 amounts for samples (umol/g)

Time (h) Pristine Cu N Cu&N
1 15.98 7.95 9.82 11.70
2 23.93 10.63 12.77 74.20
3 27.86 26.38 21.70 23451
4 33.48 52.19 45.00 432.41
5 49.46 69.15 52.77 600.71
6 55.31 94.11 68.97 751.52

Table 2.6. Hz production of samples against time under perfect light (AM 1.5)

illumination

The hydrogen production amounts were also recorded using the AM 1.5 filtered
light as a source of simulated sunlight. Since the sunlight is readily available in nature,

our study aims to have a material that will work in this given range of the spectrum. The
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Figure 2.17 shows the hydrogen amount for corresponding hours; the exact results can be
seen in the Table 2.6. The results showed that the most hydrogen production was obtained
from the co-doped sample with a yield of 751.52 umol/g after 6 hours. This result
indicates that the hydrogen production amount, which shows the lowest change,
decreased by 23.2 % for the co-doped sample compared to result obtained from non-
filtered UV light. For the others, the decreasing percentages were 58.9 % for pristine, 56.4
% for copper doped, and 32.1 % for the nitrogen-doped sample. As was expected, the
introduction of nitrogen to the system allowed the absorption at higher wavelengths.
Thus, the nitrogen-doped samples' change percentages are lower than the other samples.
According to the first measurement, which took place under UV illumination (see Table
2.5), the pristine sample outperformed the nitrogen-doped sample, yet for the sunlight
measurement, this was reversed. On the other hand, the pristine and only nitrogen doped
samples yield 55.31 umol/g and 69.97 umol/g of hydrogen accordingly after 6 hours of
illumination. These amounts indicate that hydrogen production was increased when

sunlight illumination was introduced.

2.4  Conclusions

In this chapter, pristine (Sr.TiO4) and (Sr2Tio.osCuo0sO4) were tried to be
synthesized, then doped with nitrogen to see the effect of single and co-doping on the
bandgap and the hydrogen production by obtaining Sr2TiO4-xNx and Sr2Cuo o5 Ti0.9504-xNx.

The XRD results indicate the peak shift to the lower angles, which can be
associated with copper doping. The XPS results confirmed the presence of nitrogen and
copper in the corresponding samples. The most important discovery from this part was
the assessment of the charge of the copper introduced, which was determined as +1. These
materials were successfully synthesized and doped according to the overall results
obtained. The SEM results showed that the materials have the same layered morphology,
indicating structural integrity.

The UV-VIS spectrum results demonstrated that the addition of copper to the
lattice increases the absorbance in the visible range. In addition, using dopants altered the
bandgap of the pristine material from 3.43 eV to 3.16 eV, 3.37 eV, and 3.19 eV for only
copper doped, only nitrogen doped, and co-doped correspondingly. The

photoelectrochemical measurements showed that the highest photocurrent values were
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obtained from the copper and nitrogen doped sample, which correlates with
photocatalytic hydrogen production. Also, the flat band values against SCE were found
as -0.73 V for pristine, -0.70 V for only copper doped, -0.80 V for only nitrogen doped,
and -0.75 V for co-doped with Mott-Schottky analysis.

Finally, the photocatalytic hydrogen production experiments resulted in 22.45,
35.95, 16.92, and 163.08 gumolth for pristine, only copper doped, only nitrogen doped,
and co-doped correspondingly under UV illumination. These experiments were also
performed using simulated sunlight equipping AM-1.5 filter. The results showed that the
rates of 9.22, 15.69, 11.50, and 125.25 gumolh for pristine, only copper doped, only
nitrogen doped, and co-doped correspondingly were obtained for the photocatalytic
hydrogen production.

All in all, hydrogen production efficiency was increased significantly by
introducing two dopants simultaneously. It should also be noted that no co-catalyst was
used to improve the rates further. The aim, which was having cost-efficient materials

works under solar light, was achieved in this work.
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Chapter 3: Photocatalytic Hydrogen Evolution from Noble Metal
Doped Layered Potassium Niobate

3.1 Introduction

Conventional perovskite oxides are used as semiconductor materials for
photocatalytic purposes [76,88,135-138]. The three different layered phases of perovskite
oxides are Aurivillius, Ruddlesden-Popper, and Dion-Jacobson. The Dion-Jacobson
phase has the structural formula of A’An-1BnOzn+1 [139], which is used for photocatalytic
water-splitting applications [100,140,141]. It is possible to encounter Dion-Jacobson
niobates with a different number of layers [142], dopants [143], and principal components
[104,144] in the literature.

Many examples of photocatalytic hydrogen production processes take place with
a co-catalyst [91]. Co-catalyst acts as an active site, and it promotes charge separation
when used [143]. If the co-catalyst is not introduced to the system, most of the time, the
hydrogen production rate will be relatively lower than its counterpart with a co-catalyst
[145]. Since the addition of the co-catalyst is performed after the synthesis of the
semiconductor material, the effect of the co-catalyst will be limited, and it will not cause
to change in the electronic properties of the material. Because of this reason, the
introduction of the dopants to the system allows for manipulation of the electronic

structure and thus change of the bandgap [143].
KCa,Nb;040

Figure 3.1. Illustrations of KCaNb3zO1o (left), CaNb3O10™ (upper right), and Ca2NbsO13”
(lower right) [146]
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In order to obtain an effective photocatalyst, efficient metals promote hydrogen
evolution such as Pt can be doped to the system to increase the hydrogen production
capability of the pristine material. Metal doped octahedral acts as an active site, and the
water-splitting process can occur on them. However, these active sites might be entrapped
inside the crystal structure because of their introduction to the system prior to synthesis.
The hydrogen exchange process disrupts the bulk layers, and therefore, it may cause an
increased likelihood of active sites partaking in the photochemical process. In addition,
replacing a cation with a hydrogen atom will change the chemical structure, thus, the
optoelectronic properties. Okamoto et al. did research regarding doping the n = 3 calcium
niobate with different Rh dopant ratios; their research showed that the Rh was
successfully doped to the perovskite oxide structure, and it caused superior hydrogen
production activity [143]. By utilizing this information, photochemically active metals:
Pd, Pt, Ru, and Rh were used as dopants in an n = 4 calcium niobate system
(KCa2NaNb4O13), and a proton exchange procedure was performed on these materials to
increase their hydrogen production rates. This part of the dissertation discussed the

synthesized materials' structural evaluation and photocatalytic performance.

3.2 Experimental Section

3.2.1 Materials Preparation

Due to the chemicals used for this synthesis being purchased in analytical grade,
the reagents were not further purified. The solid-state method was used for the synthesis
of materials. Since the calcination temperature is higher than the melting point of both
calcium and potassium, carbonates of these materials were added to 20% mol excess.
CaCOs (Merck, precipitated GR for analysis), Na2COs (Merck, anhydrous for analysis),
K2CO3 (Alfa Aesar, 99.0% min Granular), and Nb2Os (Merck, 99+) were ground in an
agate mortar for 30 minutes for the synthesis. Next, the prepared powder was pelletized
using a hydraulic press (Specac Hydraulic Press) under 10 tons of pressure. The obtained
pelletized sample was placed into an alumina crucible to be calcined in a high-temperature
furnace (Protherm PLF 150/15). The furnace temperature was set to 1300 °C for 12 hours
with a heating rate of 5 °C per minute. The pellet was re-ground until it turned into fine

powder after the calcination process. The procedure stated above was also used to
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synthesize doped materials by arranging their stoichiometry to have a 1.5% dopant ratio
to niobium (E.g., KcazNaNbs 94Pto.06013).

The hydrogen exchange process was performed by adding 0.5 grams of
synthesized powders in 25 mL of 5 M HNO3 solution. This mixture was stirred for 72
hours using a shaker (CAPP, CRP-3X) with 200 rpm. The suspension was washed with
distilled water to remove excess ions and HNOs3 using centrifuge with 7500 rpm (Hettich,
Rotina 380) for 5 times, and it was dried at 80 °C.

3.2.2  Structural Analysis

The crystal structure of samples was analyzed using Bruker D8 Advance X-Ray
Diffractometer between 20 values of 2° to 50° using Cu Ko radiation (A=1.5406 A). Zeiss
Ultra Plus field emission scanning microscope is used to investigate the morphology of
structures. The magnification ratio was between 500 to 1000 as minimum and between
10,000 to 20,000 as maximum. Secondary electron and In-lens detectors were used for
imaging. 3.00 kV accelerating voltage and working distances between 5.5 to 4.8 mm were
preferred under ultra-vacuum. Thermo Scientific K-Alpha Spectrometer, which has
radiation source of Al Ka (1486.6 eV), was used for the XPS analysis. The XPS data
acquired was deconvoluted using Thermo Avantage v5.973. All XPS spectra were
corrected for any shift as a result of charging according to C1s at 284.5 eV. Shimadzu
UV-3600 UV-VIS-NIR Spectrophotometer was used for UV-VIS measurements between
200 to 800 nm wavelengths. The measurements were performed using diffuse reflectance
spectra, and the results were transformed to absorbance spectra using Kubelka-Munk

function.

3.2.3 Photoelectrochemical Analysis

The films for photoelectrochemical characterizations were prepared using
electrophoretic deposition technique. Electrodes were produced by cutting the fluorine-
doped tin oxide (FTO) coated glasses with dimensions of 25 x 10 mm. Next, these glasses
were cleaned with a mixture of distilled water and ethanol in an ultrasonic bath. 40 mg of
sample powder and 10 mg of lodine (Sigma-Aldrich, 99.8% ACS reagent) were mixed
into 50 mL of acetone in a beaker. Then, the beaker was placed into an ultrasonic bath for

15 minutes. FTO-coated glasses were used as both cathode and anode and dipped into the
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solution. The distance between electrodes were 1.0 cm. The films onto electrodes were
deposited at 40 V potential for 10 minutes by using a DC power source (RIGOL DP811).
Finally, these electrodes were heated to 400 °C with a heating rate of 5 °C per minute and
kept at this temperature for an hour to improve adhesion of the films to the surface of the
FTO coated glass.

A working electrode (sample coated on FTO glass), Pt foil 10 x 10 mm as the
counter, and the saturated calomel electrode as the reference electrode in the solution of
0.5 M K3SOs with 0.02 points per second scan rate at 1.2 V were used for
photoelectrochemical characterizations. The light illumination was provided using a 500
W xenon light source (Newport, 66901).

3.2.4 Photocatalytic Hydrogen Production

For the hydrogen production experiment, 30 mg of sample powder and 15 mL of
the methanol-water mixture (10% volume MeOH) were placed into a quartz vessel with
a total volume of 25 mL with a rubber stopper. Then, the air inside the vessel was removed
by purging the vessel via argon for 30 minutes. Next, another stopper was placed on the
vessel with an outlet, and the argon flow was introduced between the two stoppers to
inhibit air contamination. The vessel illuminated horizontally using a 500 W xenon light
source (Newport, 66901) equipped with and without AM 1.5 filter and it was stirred with
a speed of 200 rpm. The hydrogen amount inside the vessel was determined using a gas
chromatogram (Shimadzu, GC-2014) using a 100 pL gas-tight syringe. The inlet
temperature was 150 °C, the temperature of the MS 5A column (Teknokroma, NF-38427-
FS) was 75 °C, and the temperature of the thermal conductivity detector (TCD) was 150
°C with a bridge current of 40 mA. The ideal gas equation was used for the calculation of
hydrogen production amount, where it was accepted as 1.0 mol of gas occupying 22.4 L
of volume. The headspace volume was 10 mL, and the intensities of the GC peaks were
determined according to the calibration line that was made with different volumes of

hydrogen gas.
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3.3 Results and Discussion

3.3.1 X-Ray Diffraction Spectroscopy (XRD)
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Figure 3.2. XRD patterns of pristine sample (a) before, (b) after hydrogen exchange
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From the Figure 3.2, the XRD results of the pristine samples before and after the
hydrogen exchange treatment indicate that the synthesis was successful due to the pattern
obtained being the same as the literature[147]. The region between 0° to 20° indicates the
number of the layers in the structure. No other distinguishable peak exists in this 0° to
20° region, indicating no phase impurities. Figure 3.2b shows the XRD pattern of the
pristine sample after the hydrogen exchange. This pattern indicates that the primary (002),
(004), (006), and (008) planes of the n = 4 phase were transformed into different planes
such as (002) to (001), (002) to (004) due to hydration of the molecules and opening of
the interlayer space between perovskite layers during the proton exchange process.
According to previous research on K[Ca2Nan-3NbnOsn+1] phases, the amount of water in
the structure affects the lattice parameter along the c-axis. Thus, it gives information

regarding the effect of water molecules on XRD patterns [14,148].
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Figure 3.3. XRD patterns of untreated powders with different dopants

Figure 3.3 indicates the XRD patterns of the sample powders before the hydrogen
exchange treatment. The patterns have four primary peaks between 0° and 20°, as it was
stated earlier. These peaks indicate that 4-layered perovskite oxide was successfully
synthesized [149]. XRD patterns of pristine, Ru, and Rh doped samples have more intense

peaks around 30° to 35°. These peaks are also available for the pristine, Pd, and Pt doped
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samples, yet because of the crystallinity of the samples, the peaks seem smaller compared
to others. The dopant preferred for each sample may have an impact on crystallization.
Since this reaction takes place at 1300 °C, potassium and calcium sources evaporate,
which causes this reaction to be challenging to obtain same crystallinity. The Figure 3.3
indicates that the crystal structures of the materials are the same due to their XRD patterns
alignment. XRD patterns of all the samples, which can be observed from Figure 3.4,

illustrate that all the peak positions are correlated after the proton exchange treatment.
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Figure 3.4. XRD patterns of proton exchanged powders with different dopants
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3.3.2 Morphological Analysis
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Figure 3.5. FESEM Images of pristine sample before (a), and after (b) hydrogen

exchange treatment
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Figure 3.6. FESEM Images of pristine sample before (a), and after (b) hydrogen
exchange treatment with higher magnification
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Figure 3.5 and Figure 3.6 shows that the morphology of the pristine sample
slightly changed after the hydrogen exchange treatment. According to Figure 3.5b, the
particles appear as flakes compared to the pristine sample. Figure 3.6 indicates that this
material has a layered structure. When the two images are compared, the sample before
the hydrogen exchange has more small broken residues that cover the crystals' surface.
On the other hand, the density of the small residues decreased after the hydrogen
exchange process. Also, the alignment of the layers looks more linear, and some of the
layers are separated from each other after the hydrogen exchange process. While the H*
replaces the K* cations, bulky particles may divide into smaller plates. However, the
morphologies of the materials were preserved due to the layered structure being intact.
Figures below give general information regarding the particle size, shapes, and layered
structures of the samples. The dopants did not affect the particle structure, the layers of
the material are visible. This indicates that the morphology of the materials preserved. In

addition, there are visible gaps between the layers after the proton exchange.
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Figure 3.7. FESEM Images of Pd doped sample before (a), and after (b) hydrogen

exchange treatment
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Figure 3.8. FESEM Images of Pd doped sample before (a), and after (b) hydrogen

exchange treatment with higher magnification
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Figure 3.9. FESEM Images of Pt doped sample before (a), and after (b) hydrogen

exchange treatment
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Figure 3.10. FESEM Images of Pt doped sample before (a), and after (b) hydrogen
exchange treatment with higher magnification
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Figure 3.11. SEM Images of Ru doped sample before (a), and after (b) hydrogen
exchange treatment
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Figure 3.12. SEM Images of Ru doped sample before (a), and after (b) hydrogen
exchange treatment
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Figure 3.13. SEM Images of Rh doped sample before (a), and after (b) hydrogen
exchange treatment
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Figure 3.14. SEM Images of Rh doped sample before (a), and after (b) hydrogen
exchange treatment with higher magnification
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3.3.3 X-ray Photoelectron Spectroscopy (XPS)
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Figure 3.15. XPS spectrum of pristine material: (a) K 2p, (b) Ca 2p, (c) Na 1s, (d) Nb
3d, and (e) O 1s orbitals

We have studied the XPS data to see the effect of doping on the chemical state of
the elements in the structure. It should also be noted that K, Ca, and Na elements cannot
have other than their specific charges because they are in the 1A and 2A groups. The
crucial elements here to evaluate with XPS characterization are Nb and O. Nb may have
different charges other than +5, which is the expected charge in the perovskite structure
[146]. O may have different peaks due to different oxygen-containing species with
different chemical states [127]. According to the XPS spectrum of pristine material,
which is shown on the fig, the K 2p scan resulted in 2p12 at 295.14 eV and 2ps, at 292.24
eV. These results indicate that the potassium present in the sample and the peak positions
are consistent with the previous study [150]. For Ca 2p state, the peak positions are at
349.74 eV for 2p12 and at 364.20 eV 2ps2, which are close to the values given in the
literature [151,152]. Na 1s has a single peak at 1070.82 eV, which can be justified by
literature [153]. There are two peaks for Nb 3d orbital. Their positions are at 206.35 eV
for 3ds2 and 209.09 eV for 3ds. According to the plot, the deconvolution of the peaks
exactly fits the measurement. Because of this reason, it can be stated that there is single

charge phase of Nb present in the structure, which is +5 [154]. O 1s orbital has two
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different peaks at 529.38 eV for O% as the lattice oxygen specie, whereas there is another
peak at 531.10 eV for surface adsorbed O, and OH" anion [127].

3.3.4 Energy-dispersive X-ray spectroscopy (EDX)
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Figure 3.17. EDX result of pristine sample after hydrogen exchange

EDX results for pristine sample before (Figure 3.16) and after (Figure 3.17) proton
exchange indicates that the potassium cations were successfully replaced with hydrogen

element due to Figure 3.16 shows the fingerprint K, value of potassium photon energy,
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which is around 3.3 keV. On the other hand, Figure 3.17 does not contain K, peak of

potassium.
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Figure 3.19. EDX result of Pd doped sample after hydrogen exchange

EDX results for Pd doped sample before (Figure 3.18) and after (Figure 3.19)
proton exchange indicates that the potassium cations were successfully replaced with
hydrogen element due to Figure 3.18 shows the fingerprint K1 value of potassium photon
energy, which is around 3.3 keV. On the other hand, Figure 3.19 does not contain Kg
peak of potassium. However, the Pd presence cannot be observed with this technique due

78



Photocatalytic Hydrogen Evolution from Noble Metal Doped Layered Potassium
Niobate 79

to percentage of the cation doped was desired as 1.5 % of total Nb atoms in the structure,
which is below EDX’s detection limit.
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Figure 3.20. EDX result of Pt doped sample before hydrogen exchange
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Figure 3.21. EDX result of Pt doped sample after hydrogen exchange

EDX results for Pt doped sample before (Figure 3.20) and after (Figure 3.21)
indicates that the potassium cations were successfully replaced with proton due to the
Figure 3.20 shows the fingerprint K, value of potassium photon energy, which is around
3.3 keV. On the other hand, the Figure 3.21 does not contain K, peak of potassium. Pt
doping still cannot be observed for this sample, due to dopant percentage being lower
than the EDX detection limit.

79



Photocatalytic Hydrogen Evolution from Noble Metal Doped Layered Potassium
Niobate 80

cps/eV

E J“LA

oA

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Figure 3.23. EDX result of Ru doped sample after hydrogen exchange

EDX results for Ru doped sample before (Figure 3.22) and after (Figure 3.23)
indicates that the potassium cations were replaced with hydrogen element due to the
Figure 3.23 shows the intensity of K, value of potassium photon energy, which is around
3.3 keV was decreased significantly. Ru doping still cannot be observed for this sample,
due to dopant percentage being lower than the EDX detection limit.
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Figure 3.25. EDX result of Rh doped sample after hydrogen exchange

EDX results for Rh doped sample before (Figure 3.24) and after (Figure 3.25)
indicates that the potassium cations were mostly replaced with hydrogen element due to
Figure 3.25 shows the intensity of K, value of potassium photon energy, which is around
3.3 keV was decreased significantly. Rh doping still cannot be observed for this sample,
due to dopant percentage being lower than the EDX detection limit.

EDX results of Pristine, Pd doped, and Pt doped samples indicate that there is no
potassium remaining after the hydrogen exchange treatment, where EDX results of Ru
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and Rh doped samples show there is still small amount of potassium present in the

structure after the hydrogen exchange process.

3.3.5 Optical Properties
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Figure 3.26. UV-VIS spectrum of the samples before the hydrogen exchange

Figure 3.27. Colors of the sample powders: pristine, Pd-doped, Pt-doped, Ru-doped,
and Rh-doped (from left to right)

When the colors of the samples are observed in Figure 3.27, the pristine sample
has a white color, where Pd and Pt doped samples have a slightly darker white color, Ru
doped sample is slightly pink, and the Rh doped sample has a yellow color. Figure 3.26
shows that the absorption edges of the samples are quite similar to each other. When the
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graph is inspected in detail, the absorption edge angles of the Pd, Pt, and Rh doped
samples have close values to the absorption edge angle of the pristine material. However,
this occurrence does not apply to Rh doped sample. The Rh doped samples angle indicates
the bandgap of this material should be distinguishably lower than the other materials. The
band gap evolution with graphs of the TAUC equation will reveal the approximate band
gap of these materials. It can also be seen from the figure that the Ru and Rh doped
samples have absorption properties within the visible range. The area under the plot of
the Rh doped sample is larger than the Ru doped sample, which may lead the higher
activity in the visible region. The higher absorbance capability of the Ru and Rh doped
sample may be caused by the samples' distinguishable pink and yellow colors,

correspondingly.
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Figure 3.28. UV-VIS spectrum of the samples after the hydrogen exchange

After the hydrogen exchange treatment, the absorption edge angles of the Pd, Pt,
and, Rh doped samples still have close values to the absorption edge angle of the pristine
material, according to the Figure 3.28. After the proton exchange treatment, the Ru and
Rh doped samples still show higher absorption percentage than the other samples after
wavelengths above 350 nm. The area below the plot of the Rh doped sample is still more

prominent than the Ru doped sample in the visible region. However, there is a visible
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effect of the hydrogen exchange treatment on the area below the Rh doped samples plot

because the absorbance percentage was slightly increased compared to the untreated Rh

doped sample.
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Figure 3.29. TAUC plots and estimated band gap values of samples before and
hydrogen exchange treatment: (a) pristine, (b) Pd doped, (c) Pt doped, (d) Ru doped,
and (e) Rh doped

Name of Dopant Band gap — Before Band gap — After
Hydrogen Exchange (eV) Hydrogen Exchange (eV)

Pristine 3.29 3.24

Pd 3.31 3.26

Pt 3.28 3.25

Ru 3.22 3.15

Rh 2.07 2.14

Table 3.1. Estimated band gap values of all samples using TAUC equation

The values obtained from the TAUC plots, which are shown in Table 3.1, exhibit
a decreasing trend for all the samples except the Rh doped one after the proton exchange.
The Rh doped sample's band gap value was increased slightly after the hydrogen

exchange treatment. When band gap values for the samples are compared to the pristine
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sample, the changes are minimal. The band value of the Pd doped sample has the largest
value both before and after the hydrogen treatment. The results indicate that the Rh doped
sample shows the most dramatic band gap change, which is around 1.1 eV compared to
the pristine sample. The effect of this band gap change may have a noticeable impact on

the hydrogen production rate of this material.

3.3.6 Photoelectrochemical Analysis (PEC)
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Figure 3.30. Chronoamperometry results of samples before the hydrogen exchange

Chronoamperometry results of the untreated sample can be seen from the Figure
3.30 indicates that Ru doped sample has the highest current density where the Pt doped
sample has the lowest which is unexpected due to the dopant introduction should most
likely increases the current density. Even though they were coated using the same method
in the same period, the thickness of the films may differ. There is a trend of edge pinning
for all the samples including the pristine one. Since an electrolyte (agueous solution of
K2SOg4) is used during these measurements, the current density spikes in the beginning,
and after a while, it turns back to its steady-state because of band bending. The holes

created migrate to the surface and cause this phenomenon. Band bending is caused by
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heterojunction of the sample semiconductor and the ions in the solution [155]. The holes
created during illumination migrate to the surface of the electrode and they achieve steady
state current after a while. In addition, the anodic current density values indicate that this

is an n-type semiconductor.
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Figure 3.31. Chronoamperometry results of samples before the hydrogen exchange

The current density values after the hydrogen exchange treatment shows the
similar positive amplitudes on the Figure 3.31, as well. In addition, it is still possible to
observe edge pinning in the beginning of the light illumination specifically for the first
peaks. The steady state is seemed to be acquired by time, which can be seen from the
pristine sample’s current density values due to it has higher amplitude. The high
amplitude is caused by the film-thickness’ effect on the conductivity. As was previously
stated, there is no correlation between current density values due to potential applied and
the film-thickness. The film thickness and texture can be seen from the Figure 3.32. The
hydrogen exchange process resulted flake-like structures and it is possible to obtain
smoother particles during this process. When the potassium was removed, there is a
possibility of the separation of the layers from each other. Because of these reasons, the

chronoamperometric measurements only gives information regarding the type of the
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semiconductor used (n-type) and the corresponding transient photocurrent behavior,

which is pinning on the edge of the photocurrent peak.

Figure 3.32. Thin films of pristine materials before proton exchange (left), after proton

exchange (right)

3.3.7 Photocatalytic Hydrogen Production
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Figure 3.33. H evolution results for pristine and doped KCa;NaNbsO13 samples.
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H2 amounts for samples (umol/g)

Time (h)  Pristine Pd Pt Ru Rh

1 7.22 15.54 22.90 34.41 53.79

2 13.03 34.37 45.89 78.38 107.36

3 21.34 53.88 69.33 104.80 167.77
4 24.04 72.35 101.83 132.90 234.14
5
6

28.38 102.05 12536 16156  293.00
29.75 117.59 14533 19159  362.93

Table 3.2. H2 production of samples against time for pristine and doped KCa>NaNbsO13

samples.

According to Figure 3.33 the best result of hydrogen production was obtained from the
Rh doped sample, which makes sense when its band gap value (2.07 eV) is considered.
Pristine material was the one that had the lowest production rate, as was expected. Rh
doped, Ru doped, Pt doped, Pd doped, and the pristine material, correspondingly 362.93,
191.59, 145.33, 117.59, and 29.75 pumol/g, have the decreasing order of the hydrogen
production amounts after 6 hours which can be seen from the Table 3.2. The results
indicate that doping has an impact on hydrogen production. Further examination
continues with the efficiency of the materials after the hydrogen exchange process.
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Figure 3.34. H2 evolution results of samples for pristine and doped HCa2NaNb4O13

samples.

H2 amounts for samples (umol/g)
Time (h) Pristine-H Pd-H Pt-H Ru-H Rh-H
1 75.55 2559.49  1964.58 608.17 1688.95
2 178.42 4366.90 3856.17 1617.47  4131.62
3 280.02 5518.43 5478.21  2661.14  6228.24
4 383.63 6260.92 6693.31 3631.50  7547.82
5
6

481.39 6787.78  7903.66  4506.57  8817.53
ST7.77 746359 875432 542145  9736.16

Table 3.3. H2 production of samples against time after the hydrogen exchange

Figure 3.34 and Table 3.3 show the photocatalytic hydrogen production
efficiencies for the samples have decreasing order of Rh doped with 9736.16 umol/g, Pt
doped with 8754.32 umol/g, Pd doped with 7463.59 umol/g, Ru doped with 5421.45
umol/g, and pristine with 577.77 pmol/g when the performances after 6 hours are
evaluated. The highest production rate was achieved with Rh doped sample after the

proton exchange, as it was also observed before the hydrogen exchange process. In
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addition, the pristine sample exhibited the lowest hydrogen production rate as expected.
The hydrogen production with the Ru doped sample, on the other hand, has the lowest
rate among doped samples after the hydrogen exchange treatment. It should also be noted
that the hydrogen production rates were significantly increased after the proton exchange
process due to more active sites being available. Even for the pristine material, the amount
of hydrogen produced increased by almost 20 folds. The increase rates are even higher

for the Pd and Pt doped materials.

3.4  Conclusions

KCa2NaNb4O13 and its 5% doped versions with noble metals of Pd, Pt, Ru, and
Rh were synthesized in this part of the dissertation. hen, a proton exchange procedure was
performed on the synthesized materials to have their hydrogen substituted variants such
as HCa;NaNbsO13. Their morphological, optoelectronic properties and their
photocatalytic hydrogen evolution rates were determined.

According to the XRD results that are compatible with the literature, all the
materials share the same pattern. The SEM results showed that the materials have the
same layered morphology, indicating structural integrity. XPS results showed the
presence of the elements in the structure and the charge of the Nb species was determined
as +5, which was desired.

The UV-VIS spectroscopy was used to determine the absorbance properties, and
the TAUC plots were used to calculate the bandgap values. According to the calculations,
the bandgap values for these materials were found as 3.29 eV and 3.24 eV for pristine;
3.31 eV and 3.26 eV for Pd doped; 3.28 eV and 3.25 eV for Pt doped; 3.22 eV and 3.15
eV for Ru doped; 2.07 eV and 2.14 eV for Rh doped before and after proton exchange
correspondingly. The PEC measurements showed that these materials are n-type
semiconductors.

The photocatalytic hydrogen production rates were determined as 4.96, 19.60,
24.22, 31.93, and 60.49 gumol™*h for pristine, Pd doped, Pt doped, Ru doped, and Rh
doped correspondingly before hydrogen exchange under UV illumination. 96.30,
1242.27, 1459.05, 903.58, and 1622.69 gumol*h? for pristine, Pd doped, Pt doped, Ru

doped, and Rh doped correspondingly after hydrogen exchange under UV illumination.
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The results showed that Rh doping is the most efficient way to increase hydrogen
production rates. In addition, the hydrogen exchange procedure has a significant impact

on the hydrogen production rates, as well.
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Chapter 4: Conclusions and Future Works

Morphological analysis, optical properties, and measurements of photocatalytic
hydrogen production rates were determined for Ruddlesden-Popper and Dion-Jacobson
layered perovskite oxides. Ruddlesden-Popper type of layered perovskite oxides choice
was copper and nitrogen doped Sr>TiO4 due to there are many examples of similar work
in the literature [12,29,30,125,133]. Nitrogen doping is a known method for increasing
photocatalytic water-splitting efficiency [99,123,134,146]. However, there is no example
of copper doping to Sr.TiO4 studied before, which indicates novelty of this work. The
copper and nitrogen co-doping increased the efficiency of hydrogen production under
both UV and simulated sunlight equipping AM-1.5 filter. Co-doped sample has the rate
of 163.08 gumol*h™ of hydrogen produced under UV illumination, and 125.25 gumol
h! of hydrogen produced under simulated sunlight illumination after 6 hours.

There are still many possible variations that can be tried for the photocatalytic
hydrogen production with the SroTiO4. Both Sr and Ti can be doped with corresponding
suitable elements. In addition, the bandgap and the water-splitting efficiencies of the
perovskite oxides can be altered by changing the amount of the oxygen in the lattice.
Lehuta et al. showed that the electronic properties of Sr.TiO4 can be changed reducing it
with NaBH4 [156]. Also, perovskite structure allows using different anions of halides
[29,157] and chalcogenides [158]. The hydrogen exchange method can also be used for
bandgap engineering, as well [12]. Yet according to the previous experiment we
conducted, using nitric acid for this purpose is not applicable due to the structure of the
material being destroyed completely. There are not many research examples of
Sr+1TinO3n+1 and its derivatives in the literature. It may be useful to conduct research
regarding this family of strontium titanates for photocatalytic investigation.

The same evaluation methods were also done to the Dion-Jacobson phase pristine
and noble metal (Pd, Pt, Ru, and Rh) doped KCa>,NaNb4O13. In addition, these materials
were proton exchanged to determine this procedures impact on structural and electronic
properties; as well as photocatalytic hydrogen production. The motivation for this study
was that there not many examples of n= 4 phase niobate in the literature. Furthermore,
there are no examples of Pd and Pd doping to niobates. The results showed that the best
sample for photocatalytic hydrogen production was Rh doped proton exchanged one with

hydrogen evolution rate of 1622.69 gumol*h™,
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There are similar methods of improvement can be applied for this material to
increase its water-splitting efficiency like it was described for the titanate.
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